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DIFFUSION OF CHARGED PLASMA PARTICLES I N  A MAGNETIC FIELD 

V .  E ,  Golant 

I n  t h e  l a s t  f e w  y e a r s ,  a l a r g e  number of t h e o r e t i c a l  and experimen- 

t a l  s t u d i e s  have been publ i shed  which have been devoted t o  t h e  i n v e s t i g a -  

t i o n  o f  t h e  d i f f u s i o n  o f  charged plasma p a r t i c l e s  i n  a magnetic f i e l d .  

I n t e r e s t  i n  t h e s e  s t u d i e s  h a s  been s t i m u l a t e d  p r i m a r i l y  by t h e  e x t e n s i v e  

development o f  r e s e a r c h  on t h e  confinement and h e a t i n g  o f  plasma i n  a 

magnetic f i e l d  conducted , i n  connect ion wi th  t h e  problem o f  c o n t r o l l e d  

thermonuclear  r e a c t i o n s  (see, f o r  example, r e f e r e n c e  c1-31) and wi th  

a s t r o p h y s i c a l  i n v e s t i g a t i o n s  o f  plasma c4-51. 

A number of  books d e a l i n g  wi th  plasma phys ic s  cl-3? 6-121 d i s c u s s  

c e r t a i n  a s p e c t s  o f  t h e  theo ry  of  d i f f u s i o n  i n  a magnetic f i e l d  and c i t e  

i n d i v i d u a l  exper imenta l  r e s u l t s .  However, t h e r e  i s  no s y s t e m a t i c , s u r v e y  

o f  t h e  p r e s e n t  s t a t u s  o f  d i f f u s i o n  r e sea rch .  The p resen t  paper  is  aimed 

a t  f i l l i n g  t h i s  gap: i t  s e t s  f o r t h  t h e  theo ry  o f  d i f f u s i o n  o f  a s t a b l e  

plasma and o f f e r s  a survey of  t h e  p r i n c i p a l  exper imenta l  i n v e s t i g a t i o n s  

i 

o f  d i f f u s i o n  i n  a magnetic f i e l d . *  

I .  THEORY O F  DIFFUSION DUE TO PARTICLE COLLISIONS 

The e f f e c t  o f  a magnetic f i e l d  on t h e  d i f f u s i o n  of  charged p a r t i c l e s  

i n  a gas  and t h e i r  motion i n  an  e l e c t r i c  f i e l d  were noted  i n  t h e  e a r l y  

work of  Townsend [14]. I n  t h e s e  and many subsequent  s t u d i e s  c14-151, t h e  

d i r e c t e d  motion o f  charged p a r t i c l e s  i n  a n e u t r a l  gas  was t r e a t e d  by t h e  

approximate f r ee -pa th  method. A more d e t a i l e d  a n a l y s i s  of  t h e  p rocesses  

*It shou ld  be  noted  t h a t  va r ious  plasma i n s t a b i l i t i e s  have been de tec t ed  
i n  many experiments.  The problems o f  t h e  t h e o r y  of  s t a b i l i t y  a r e  n o t  
cons idered  i n  t h i s  survey  ( see ,  f o r  example, r e f e r e n c e  [13J), 



of t r a n s p o r t  of charged p a r t i c l e s  i n  a n e u t r a l  g a s ,  based  on t h e  so lu -  

t i o n  o f  t h e  k i n e t i c  equat ion  a n d  averaged e q u a t i o n s  o f  motion, w a s  g iven 

i n  r e f .  C16-211. 

ment of d i p o l a r  d i f f u s i o n  i n  a weakly i o n i z e d  gas  c22, 20, 211. 

R e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  were used  i n  t h e  t r e a t -  

A l a r g e  number o f  s t u d i e s  have been devoted t o  t h e  p rocesses  of  

t r a n s p o r t  a c r o s s  a magnetic f i e l d  i n  a completely i o n i z e d  gas. The t r a n s -  

p o r t  phenomena were i n v e s t i g a t e d  by means of  averaged equa t ions  of motion 

f o r  charged p a r t i c l e s  [23-25, 61, by means of  t he  k i n e t i c  equat ion  C26- 

341, and by methods based  on t h e  t r ea tmen t  o f  t h e  displacement of  i n d i v i d -  

u a l  p a r t i c l e s  c35-391. The c o l l e c t i v e  Coulombic i n t e r a c t i o n s  o f  charged 

p a r t i c l e s  were t r e a t e d  i n  t h e  m a j o r i t y  of c a s e s  as  a s e t  o f  independent ly  

p a i r  c o l l i s i o n s  w i t h  a maximum i n t e r a c t i o n  r a d i u s  equal t o  t h e  Debye ra- 

d ius .  A s p e c i a l  i n v e s t i g a t i o n  made wi th  t h e  use  o f  quantum f i e l d  theory  

methods showed t h e  p e r m i s s i b i l i t y  o f  such  t rea tment  i n  t h e  a n a l y s i s  of 

t r a n s p o r t  p rocesses  C40, 411. 

A number of papers  C42-45J d i s c u s s  d i f f u s i o n  a c r o s s  a magnetic 

f i e l d  i n  a s t r o n g l y  i o n i z e d  g a s  f o r  cond i t ions  under which c o l l i s i o n s  o f  

charged p a r t i c l e s  w i th  n e u t r a l  p a r t i c l e s  and  wi th  one a n o t h e r  a r e  s i g n i f i -  

can t .  
h 

y, 

We s h a l l  no t  dwell  on t h e  v a r i o u s  methods employed i n  t h e  t h e o r e t i -  

c a l  s t u d i e s  of  t r a n s p o r t  phenomena i n  a magnetic f i e l d .  I n  o r d e r  t o  ob- 

t a i n  t h e  gehe ra l  r e l a t i o n s  de te rmining  t h e  r a t e  of d i f f u s i o n  under t h e  

i n f l u e n c e  of concen t r a t ion  g r a d i e n t s  i n  a r b i t r a r y  magnetic f i e l d s ,  w e  

s h a l l  use t h e  s i m p l e s t  method omwhich i s  based  on t h e  s o l u t i o n  of  ap- 

proximate equa t ions  of t h e  motion of charged p a r t i c l e s .  Transverse  d i f -  

fu s ion  i n  s t r o n g  magnetic f i e l d s  w i l l  t h e n  be cons idered  i n  d e t a i l ,  and 

expres s ions  f o r  d i f f u s i o n  f lows w i l l  be ob ta ined  from an a n a l y s i s  of 
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p a r t i c l e  d i sp lacements  produced by t h e  c o l l i s i o n s .  I n  o r d e r  t o  avo id  

encumbering t h e  p r e s e n t a t i o n ,  t h e  d i f f u s i o n  caused by tempera ture  g ra -  

d i e n t s  ( thermal  d i f f u s i o n )  w i l l  no t  b e  considered.  

1. Theory o f  D i f f u s i o n  Based on t h e  Equat ions o f  P a r t i c l e  Motion 

1. Averaged equa t ions  of  motion. The averaged equat ion  o f  motion 

of  charged p a r t i c l e s  Bay b e  w r i t t e n  as fol lows:  

Here Z e i s  t h e  charge ;  rn 

r e c t e d )  v e l o c i t y ;  nCY, t h e  concen t r a t ion ;  p,, t h e  p r e s s u r e ;  

momentum change r e s u l t i n g  from t h e  c o l l i s i o n s  ( t h e  " f r i c t i o n  force")  ( a l l  

t h e  mass; ucy, t h e  v e c t o r  of t h e  average  (di- 

i s  t h e  

cy CY' 
sua 

__..--- 

t h e  q u a n t i t i e s  p e r t a i n  t o  p a r t i c l e s  o f  t h e   CY" k i n d ) * ;  E and H are t h e  

s t r e n g t h s  o f  t h e  e l e c t r i c  and magnetic f i e l d s .  The p r e s s u r e  pa f o r  a 

Naxwellian d i s t r i b u t i o n  of  random p a r t i c l e  v e l o c i t i e s  is given by t h e  

e q u a l i t y  

(T, i s  t h e  tempera ture  i n  energy u n i t s ) .  

As we know, equat ion  (1.1) i s  a r e s u l t  o f  t h e  k i n e t i c  equat ion  ( s e e  
-. aIIa 

r e f e r e n c e  CgJ). I n  t h e  g e n e r a l  ca se ,  t h e  last  te rm,  M a -  , can be 

determined on ly  by i n t e g r a t i n g  t h e  k i n e t i c  equat ion .  The q u a n t i t y  

6t 

~- 
60, 

may depend n o t  on ly  on t h e  concen t r a t ion  and temperature  o f  t h e  

v a r i o u s  p a r t i c l e s ,  b u t  also on t h e  magnetic f i e l d .  I n  c e r t a i n  approxi-  

mation, however, t h e  magnitude of t h e  f r i c t i o n  f o r c e  may be  r ep resen ted  

*We s h a l l  d e s i g n a t e  t h e  q u a n t i t i e s  p e r t a i n i n g  t o  e l e c t r o n s  by t h e  sub- 
s c r i p t  cy = e; those  p e r t a i n i n g  t o  i o n s ,  by t h e  s u b s c r i p t  cy = i ;  and 
t h o s e  p e r t a i n i n g  t o  n e u t r a l  atoms, by t h e  s u b s c r i p t  CY = n. 
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_Each of t h e  terms on t h e  r i g h t  s i d e  o f  t h e  equa t ion  g ives  t h e  averaged 

change i n  t h e  momentum of  a p a r t i c l e  o f  t h e  k ind  p e r  u n i t  time, r e -  

s u l t i n g  from i ts  c o l l i s i o n s  with p a r t i c l e s  o f  t h e  "8" H n d .  It  i s  n a t -  

u r a l  t o  assume t h a t  t h e  " f r i c t i o n  force'' determined by t h e  c o l l i s i o n s  o f  

p a r t i c l e s  of  t h e  t'cP' and "8" k ind  is p ropor t iona l  t o  t h e i r  r e l a t i v e  ve- 

l o c i t y .  The q u a n t i t y  v is a c e r t a i n  e f f e c t i v e  frequency of p a r t i c l e  

c o l l i s i o n s .  S i n c e  t h e  momentum i s  conserved i n  t h e  c o l l i s i o n s ,  t h e  
@8 

q u a n t i t i e s  v and v should be r e l a t e d  by t h e  express ion  
CUB Be 

?EaI)L,V,fj = 7$7?Zpvpa. (1.4) 

We s h a l l  subsequent ly  cons ider  s t a t i o n a r y  o r  quas i - s t a t iona ry  pro- 

c e s s e s  i n  which 

and t h e  first term on t h e  l e f t  s i d e  o f  t h e  t r a n s p o r t  equa t ion  may be 

ignored.  Fu r the r ,  w e  s h a l l  cons ide r  t h e  p e r t u r b a t i o n s  ( concen t r a t ion  

g r a d i e n t s  and t h e  e l e c t r i c  f i e l d )  t o  be  small, so t h a t  t h e  q u a d r a t i c  

terms (Ua'VIUa on t h e  l e f t  s i d e  o f  equa t ion  (1.1) may a l s o  be ignored.  

They may b e  ignored  when t h e  d i r e c t e d  v e l o c i t y  of  p a r t i c l e s  i s  much 

s m a l l e r  t han  t h e  random ( thermal )  v e l o c i t y :  

T h i s  i n e q u a l i t y  is  obviously a cond i t ion  of  t h e  d i f f u s i o n a l  c h a r a c t e r  of 

t h e  t r a n s p o r t  phenomena. 

Keeping t h e  above s i m p l i f i c a t i o n s  i n  mind and u s i n g  e q u a l i t i e s  (1.21 

and (l.3), we may w r i t e  equa t ion  (1.1) as an equa t ion  of equi l ibr ium be- 

tween t h e  e l e c t r i c  fo rce ,  t h e  Lorenz fo rce ,  t h e  p re s su re  g r a d i e n t  ( p e r  

p a r t i c l e )  and t h e  e f f e c t i v e  f r i c t i o n  f o r c e  
_ -  
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I n  equat ion  (1.7) t h e  tempera ture  is  assumed t o  be cons t an t  and has  

been put  o u t s i d e  t h e  g r a d i e n t  symbol, s i n c e  the  thermal  d i f f u s i o n  w i l l  

n o t  b e  considered.  

System o f  equa t ions  (1.7) permi t s  de t e rmina t ion  of  t h e  d i r e c t e d  

v e l o c i t i e s  of  a l l  t h e  plasma p a r t i c l e s ,  i . e . ,  makes i t  p o s s i b l e  t o  s o l v e  

t h e  problem o f  t h e  d i r e c t e d  motion o f  p a r t i c l e s .  

2. D i rec t ed  motion o f  charged p a r t i c l e s  i n  a n e u t r a l  gas .  L e t  u s  

f i r s t  c o n s i d e r  t h e  motion o f  t h e  charged p a r t i c l e s  o f  a weakly i o n i z e d  

gas  i n  which c o l l i s i o n s  o f  t he  charged p a r t i c l e s  with one a n o t h e r  a r e  

no t  e s s e n t i a l ,  i . e . ,  t h e  f r equenc ie s  of c o l l i s i o n s  o f  e l e c t r o n s  and i o n s  

with n e u t r a l  atoms a r e  much g r e a t e r  t h a n  t h e i r  c o l l i s i o n s  with one ano the r :  

I n  t h i s  c a s e ,  t r a n s p o r t  equa t ions  (1.7) f o r  charged p a r t i c l e s  o f  v a r i o u s  

types  a r e  independent  and a r e  of t h e  form 

Here vCyn is t h e  frequency o f  c o l l i s i o n s  o f  p a r t i c l e s  o f  t h e  "et' k i n d  wi th  

n e u t r a l  atoms; we have al lowed f o r  t h e  f a c t  t h a t  when t h e  deg ree  o f  i o n i z -  

a t i o n  i s  s m a l l ,  t h e  d i r e c t e d  v e l o c i t y  of  t he  n e u t r a l  atoms is much l e s s  

than t h e  d i r e c t e d  v e l o c i t y  o f  t h e  charged p a r t i c l e s .  

I f  we p r o j e c t  v e c t o r  equa t ion  (1.9) on t h e  d i r e c t i o n  o f  t h e  mag- 

n e t i c  f i e l d ,  we f i n d  an expres s ion  f o r  t h e  l o n g i t u d i n a l  d i r e c t e d  veloc-  

i t y  

(1.10) 
- 

( Ai,, !5 a r e  the  p r o j e c t i o n s  o f  t h e  cor responding  v e c t o r s  on t h e  

d i r e c t i o n  o f  t h e  magnet ic  f i e l d ) ,  

The p r o j e c t i o n  o f  equat ion  (1.9) on a p l ane  pe rpend icu la r  t o  t h e  

magnetic f i e l d  makes i t  p o s s i b l e  t o  determine t h e  t r a n s v e r s e  components 
B 
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o f  the  d i r e c t e d  v e l o c i t y ,  i . e . ,  t h e  t r a n s v e r s e  v e l o c i t y  component i n  t h e  

d i r e c t i o n  o f  t h e  c o n c e n t r a t i o n  g r a d i e n t  and o f  t h e  e l e c t r i c  f i e l d ,  u I , 

and t h e  v e l o c i t y  component perpendicular  t o  t h e  magnetic f i e l d  and con- 
-L 

c e n t r a t i o n  g r a d i e n t ,  UT: 

(1.11) 

Here 

pe rpend icu la r  t o  t h e  magnet ic  f i e l d ;  h is  t h e  u n i t  vec to r  i n  t h e  d i r e c t i o n  

~ E L , V L ~ ~  a re  the  p r o j e c t i o n s  o f  t h e  v e c t o r s  E and Vn onto  t h e  p l ane  

o f  t h e  magnetic f i e l d ;  e3 i s  the  Larmor frequency 
I z, J CfI 

4 
0, & - 

maC * 

I n  o r d e r  t o  d e s c r i b e  t h e  motion o f  p a r t i c l e s  i n  t h e  d i r e c t i o n  o f  t h e  

concen t r a t ion  g r a d i e n t  and o f  t h e  e l e c t r i c  f i e l d ,  we have i n t r o d u c e d  t h e  

c o e f f i c i e n t s  of t r a n s v e r s e  and  l o n g i t u d i n a l  d i f f u s i o n ,  Dall ,  Da, , and t h e  

corresponding m o b i l i t i e s  ~ U I ! ?  Pal-. The r e l a t i o n  between them i s  given by 

E i n s t e i n ' s  r e l a t i o n s  

The d i f f e r e n c e  between t h e  q u a n t i t i e s  ])a,, and D a L  ( o r  pall and P a l  ) 

determines t h e  an i so t ropy  o f  t h e  t r a n s p o r t  p rocesses  i n  t h e  presence  of  

a magnetic f i e l d .  

Le t  u s  n o t e  t h a t  t h e  motion i n  a d i r e c t i o n  pe rpend icu la r  t o  t h e  con- 

c e n t r a t i o n  g r a d i e n t  and  t h e  e l e c t r i c  f i e l d  wi th  l a r g e  magnetic f i e l d s  

(when ,ua>')an. 1 is determined by t h e  d r i f t  v e l o c i t y  of  t h e  charged p a r t i -  
-. 

c l e s .  

Using t h e  equa t ions  of motion, we have o b t a i n e d  approximate expres s ions  

6 



f o r  t h e  flow of charged p a r t i c l e s  i n  a n e u t r a l  gas .  Le t  us  compare 

t h e s e  expres s ions  w i t h  more p r e c i s e  formulas  ob ta ined  f o r  c e t r a i n  c a s e s  

wi th  t h e  a i d  of t h e  k i n e t i c  equat ion.  

I n t e g r a t i o n  of t h e  k i n e t i c  equa t ion  can be performed i f  one exam- 

i n e s  t h e  motions o f  e l e c t r o n s  i n  a g a s  under c o n d i t i o n s  where o n l y  e l a s -  

t i c  e l e c t r o n i c  c o l l i s i o n s  a r e  impor tan t .  The examinat ion l e a d s  t o  t h e  

fo l lowing  e x p r e s s i o n s  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t s  c203 : 

where v i s  t h e  e l e c t r o n  v e l o c i t y ,  f (v) i s  t h e  v e l o c i t y  d i s t r i b u t i o n  e 

func t ion  

v *  i s  t h e  ' 'd i f fusion" frequency of  c o l l i s i o n s  s* i s  t h e  c r o s s  s e c t i o n  

of  momentum t r a n s f e r ,  ( T c t ; ( u t  9) i s  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  of t he  

en en 

s c a t t e r i n g  o f  e l e c t r o n s  by atoms; t h e  i n t e g r a t i o n  o f  (1.151 i s  perform- 

ed over  t h e  e n t i r e  volume i n  t h e  s p a c e  o f  e l e c t r o n  v e l o c i t i e s .  

Express ions  (1.15) and (1.10)--(1.11) a r e  i d e n t i c a l  i f  t h e  d i f f u s i o n -  

a l  frequency o f  c o l l i s i o n s  between e l e c t r o n s  and  atoms, v *  i s  inde-  

pendent of t h e  v e l o c i t y .  

o r d e r  t o  o b t a i n  congruence between t h e  formulas i t  is necessary  t o  i n t r o -  

duce some averaged c o l l i s i o n  f r e q u e n c i e s  i n t o  (1.10) and (1.111. The 

en ' 

If vzn does depend on t h e  v e l o c i t y ,  then  i n  

q u a n t i t y  v 

t h e  magnet ic  f i e l d .  Neve r the l e s s ,  formula (1.11) c o r r e c t l y  expres ses  

the  g e n e r a l  course  o f  t h e  dependence o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  on 

which e n t e r s  i n t o  DI, i s  then found t o  be dependent on en ' 

t h e  magnetic f i e l d  i n  t h i s  c a s e  also, i f  t h e  dependence of v" on v i s  

n o t  t o o  pronounced. 

en 

The k i n e t i c  equa t ion  d e s c r i b i n g  t h e  motion of  i ons  i n  a n e u t r a l  gas 

can be  e a s i l y  i n t e g r a t e d  i f  t h e  e f f e c t i v e  c r o s s  s e c t i o n  o f  t h e  c o l l i s i o n s  
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between an i o n  and  an atom changes i n  i n v e r s e  p ropor t ion  t o  t h e i r  r e l a -  

t i v e  v e l o c i t y ,  O j n d y f / V  ( i t  is  assumed t h a t  on ly  e l a s t i c  c o l l i s i o n s  a r e  

impor t an t )  C181. For  t h i s  c a s e ,  by i n t e g r a t i n g  t h e  k i n e t i c  equat ion ,  

one o b t a i n s  expres s ions  f o r  t h e  flow which a r e  i d e n t i c a l  t o  formulas  

(l.lO)--(l.lZ), t h e  e f f e c t i v e  c o l l i s i o n  frequency being g i v e n  by t h e  

e q u a l i  t y  

3 .  Dipolar  d i f f u s i o n  of charged p a r t i c l e s  i n  a weakly i o n i z e d  gas. 

The q u a s i - n e u t r a l i t y  of t h e  plasma shou ld  b e  conserved i n  t h e  cour se  of  

d i f f u s i o n  of  charged p a r t i c l e s  ( i f ,  o f  course ,  t h e  dimensions o f  the in -  

homogeneous r e g i o n  are  much g r e a t e r  t h a n  t h e  Debye r a d i u s ) .  The quas i -  

n e u t r a l i t y  c o n d i t i o n  f o r  a plasma made up of e l e c t r o n s  and  i o n s  wi th  

charge Ze h a s  the  form 

n, = Zn,. (1.18) 

E q u a l i t y  (1.18) s e t s  f o r t h  t h e  r e l a t i o n  between t h e  f lows p e n e t r a t -  

i n g  each element o f  volume, 

v (n,u,) = zv (npt ) .  

I n  many c a s e s ,  r e l a t i o n  (1.19) determines  the  absence  of an  e l e c t r i c  

c u r r e n t  i n  t h e  d i r e c t i o n  o f  t he  c o n c e n t r a t i o n  g r a d i e n t ,  i . e . ,  t h e  equal- 

i t y  of t h e  cor responding  components of  t h e  d i r e c t e d  v e l o c i t i e s  o f  e lec-  

t r o n s  and  i o n s  

(1.20) 

T h i s  e q u a l i t y  holds ,  f o r  example, i n  t h e  c a s e  o f  d i f f u s i o n  i n  a d ie l ec -  

t r i c  b o t t l e  ( f o r  more d e t a i l ,  s e e  3 ,  Ch. I) 

L e t  us  no te  t h a t  r e l a t i o n s  (1.18) and (1.19) do not  impose any r e -  

s t r i c t i o n s  on t h e  p a r t i c l e  flow i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  

concen t r a t ion  g r a d i e n t  ( i t  i s  easy t o  s e e  t h a t  V ( n u , ) = z ~  1. This  i s  
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n a t u r a l ,  s i n c e  a flow o f  t h i s  k ind  does not  l e a d  t o  a change i n  t h e  par-  

t i c l e  concent ra t ion .  The mode o f  d i f f u s i o n  f o r  which cond i t ion  (1.20) 

i s  v a l i d  is termed d ipo la r .  

Let  us  examine a d i p o l a r  d i f f u s i o n  i n  a weakly i o n i z e d  gas, when 

t h e  major p a r t  i s  p layed  by c o l l i s i o n s  o f  e l e c t r o n s  and atoms wi th  atoms 

(''SI. ;,"'ei* "i11 3 v i c )  . 
t h i s  c a s e  a r e  given by formulas (1.1O)--(le12). S u b s t i t u t i n g  t h e s e  fo r -  

The d i r e c t e d  v e l o c i t i e s  o f  t h e  e l e c t r o n s  and i o n s  i n  

mulas i n t o  (1.20) and t a k i n g  (1.18) i n t o  account ,  we can f i n d  t h e  e l ec -  

t r i c  f i e l d  s t r e n g t h  of  t h e  space  charge necessary  f o r  main ta in ing  t h e  

d i p o l a r  d i f fus ion*  : 

(1.21) 

The approximate e q u a l i t i e s  i n  (1.21) and  (1.22) as we l l  as i n  t h e  

It  i s  apparent  from formula (1.21) t h a t  t h e  l o n g i t u d i n a l  e l e c t r i c  

f i e l d  of t h e  d i p o l a r  d i f f u s i o n  a c c e l e r a t e s  t h e  d i f f u s i o n  of  i o n s  and 

s lows down t h e  d i f f u s i o n  of  e l e c t r o n s .  The t r a n s v e r s e  e l e c t r i c  f i e l d ,  

i n  t h e  c a s e  of  low magnetic f i e l d s ,  a l s o  a c c e l e r a t e s  t h e  d i f f u s i o n  o f  

i o n s ;  wi th  l a r g e r  f i e l d s  wi th  which t h e  c o e f f i c i e n t  of d i f f u s i o n  f o r  i o n s  

i s  g r e a t e r  t han  f o r  e l e c t r o n s ,  t h e  s i g n  of  t h e  e l e c t r i c  f i e l d  changes. 

Using r e l a t i o n s  (1.10), (1.11), (1.21) (1.22), w e  f i n d  expres s ions  

*The p o t e n t i a l  e l e c t r i c  f i e l d  given by e q u a l i t i e s  (1.21) and (1,221 may 
e x i s t  if t h e  d i s t r i b u t i o n  o f  t h e  concen t r a t ions  i s  a product  o f  t h e  
func t ions  which are dependent on t h e  l o n g i t u d i n a l  and t r a n s v e r s e  coor- 
dinates-n-ni (q) nL (rL). 
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f o r  t h e  v e l o c i t y  o f  t h e  d i p o l a r  d i f f u s i o n  of  e l e c t r o n s  and i o n s  

(1.23) 

t r a n s v e r s e  c o e f f i c i e n t s  o f  d i p o l a r  d i f f u s i o n .  

Using formulas (1.12) and (1.22), one can a l s o  r e a d i l y  f i n d  t h e  

v e l o c i t y  and t h e  d i r e c t i o n  pe rpend icu la r  to  t h e  concen t r a t ion  g r a d i e n t  

i n  d i p o l a r  d i f f u s i o n  : 

These v e l o c i t i e s  determine t h e  d e n s i t y  of t h e  diamagnetic c u r r e n t  ac- 

conpanying t h e  d i p o l a r  d i f f u s i o n  

4. Dif fus ion  i n  a completely i o n i z e d  gas .  L e t  u s  now examine t h e  

d i f f u s i o n  i n  a completely i o n i z e d  gas  composed o f  e l e c t r o n s  and i o n s  

charged %e.  

L e t  u s  n o t e  t h a t  each volume element of  a completely i o n i z e d  gas  
-----* .. .. 

(when i7IfA.H ) i s  a c t e d  upon by o n l y  two f o r c e s :  t h e  p r e s s u r e  g r a d i e n t  

9 ( P i = P P e )  and t h e  magnet ic  p r e s s u r e  g r a d i e n t  (1P/Sx)  , d i r e c t e d  a t  r i g h t  

ang le s  t o  t h e  magnetic f i e l d .  D i f f u s i o n ,  i . e . ,  uniform movement of  t h e  

gas ,  can take p l a c e  provided  t h a t  t h e s e  f o r c e s  a r e  i n  equi l ibr ium.  

The re fo re ,  t h e  l o n g i t u d i n a l  d i f f u s i o n  of  a completely i o n i z e d  g a s  has  no 

meaning a t  all, s i n c e  i n  t h e  p re sence  o f  a p r e s s u r e  g r a d i e n t  t he  long i -  

tudinal. motion o f  t h e  plasma is a c c e l e r a t e d .  The t r a n s v e r s e  d i f f u s i o n  
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of  a completely i o n i z e d  g a s  has  meaning i f  i t  is  cons ide red  when t h e  gas  

as a whole i s  i n  equ i l ib r ium:  

I n  t h e  r eg ion  o f  d i f f u s i o n ,  t h e  magnet ic  f i e l d  may be cons idered  homogene- 

ous  only i f  t h e  k i n e t i c  p r e s s u r e  i s  much l e s s  than  t h e  magnetic p re s su re ;  

(1 028) 

The d i r e c t e d  t r a n s v e r s e  motion o f  e l e c t r o n s  a n d  i o n s  i s  g iven  by the  

equat ions  (1.7) 

When t h e s e  e q u a t i o n s  a r e  s o l v e d  s imul taneous ly ,  one s h o u l d  keep i n  

mind t h e  q u a s i - n e u t r a l i t y  c o n d i t i o n  (1.18) and t h e  r e l a t i o n s h i p  be tween 

the  c o l l i s i o n  f r equenc ie s  (1.4). Once t h e  system o f  equa t ions  (1.29) has  

been so lved ,  i t  i s  easy t o  f i n d  the  d i r e c t e d  p a r t i c l e  v e l o c i t i e s .  The 

v e l o c i t i e s  o f  t h e  e l e c t r o n s  and i o n s  i n  t h e  d i r e c t i o n  o f  t h e  c o n c e n t r a t i o n  

g r a d i e n t  a r e  i d e n t i c a l  : 

(1.30) 

i . e . ,  t h e  d i f f u s i o n  o f  a completely i o n i z e d  gas  a c r o s s  a magnetic f i e l d  

is found t o  be d i p o l a r ,  i r r e s p e c t i v e  of t h e  magnitude o f  t h e  e l e c t r i c  

f i e l d  i n  t h e  plasma. The p a r t i c l e  flow i n  t h e  d i r e c t i o n  o f  t h e  e l e c t r i c  

f i e l d  is absen t ,  

The v e l o c i t i e s  of t h e  e l e c t r o n s  a n d  i o n s  i n  t h e  d i r e c t i o n  perpen- 

d i c u l a r  t o  t h e  concen t r a t ion  g r a d i e n t  and  t o  t h e  f i e l d  a r e  g iven  by t h e  

e q u a l i t i e s  
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These v e l o c i t i e s  determine t h e  d r i f t  o f  e l e c t r o n s  and  i o n s  which e x i s t s  

independent ly  o f  t h e i r  c o l l i s i o n s  wi th  one ano the r .  

The d e n s i t y  of  t h e  diamagnetic c u r r e n t  i n  a completely i o n i z e d  gas  

i s  found t o  be 

Formulas (1.30)-(1.32) co inc ide  B i t h  t h e  corresponding expres s ion  

ob ta ined  from a k i n e t i c  examinat ion with/% B'ei c28-301, i f  t h e  e f f e c t i v e  

frequency o f  t he  c o l l i s i o n s  o f  t h e  e l e c t r o n s  and i o n s  i s  t aken  t o  be 

(L i s  t h e  s o - c a l l e d  'lCoulombic logar i thm" [ 6 ] ) .  

5. D i p o l a r  d i f f u s i o n  i n  a s t r o n g l y  i o n i z e d  gas. Let  u s  now con- 

s i d e r  t h e  d i f f u s i o n  i n  a gas con ta in ing  e l e c t r o n s ,  p o s i t i v e  i o n s  of  one 

k ind ,  and  n e u t r a l  p a r t i c l e s  under  cond i t ions  where t h e  f r equenc ie s  of  

t h e  c o l l i s i o n s  o f  t h e  charged p a r t i c l e s  wi th  t h e  n e u t r a l  p a r t i c l e s  and 

with one a n o t h e r  a r e  comparable ( a " s t rong ly  i o n i z e d  gas"). The system 

o f  equa t ions  (1.7) f o r  t h i s  ca se  w i l l  have t h e  form 

Here, t h e  q u a s i - n e u t r a l i t y  of  t h e  plasma and t h e  r e l a t i o n  between 

the  c o l l i s i o n  frequency (1.4) have been taken i n t o  account .  A s  b e f o r e ,  

i t  is assumed t h a t  t h e  d i r e c t e d  v e l o c i t y  of t he  atoms is much l e s s  than  

t h e  d i r e c t e d  v e l o c i t y  o f  t h e  charged p a r t i c l e s .  

A s imultaneous s o l u t i o n  o f  equa t ions  (1.34) g ives  t h e  v e l o c i t i e s  

u and u We s h a l l  n o t  w r i t e  o u t  t h e  i n t r i c a t e  formulas thus  obtained.  

By comparing t h e  v e l o c i t y  components o f  t h e  e l e c t r o n s  and i o n s  i n  t h e  

d i r e c t i o n  o f  t h e  concen t r a t ion  g r a d i e n t s  2(uli, uL) , i t  i s  easy  t o  f i n d  

t h e  d i p o l a r  p a r t i c l e  v e l o c i t y  i n  t h e  e l e c t r i c  f i e l d  i n s u r i n g  t h e  d i p o l a r  

e i' 
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d i f f u s i o n .  The l o n g i t u d i n a l  and t r a n s v e r s e  components o f  t h e s e  quant i -  

t i e s  have t h e  form 

(1.38 1 
Y 

We s h a l l  a l s o  w r i t e  t h e  formula f o r  t h e  c u r r e n t  dens i ty  i n  d i p o l a r  

d i f f u s i o n  (when V p n <  W e  ) 

Formulas (le35)-(1.39) were ob ta ined  wi th  t h e  assumption t h a t  
, -  

mivira >%,V,,i. A k i n e t i c  t rea tment  o f  d i f f u s i o n  i n  a plasma composed o f  

e l e c t r o n s ,  i o n s  and n e u t r a l  atoms w a s  given i n  r e f e r e n c e  C431 f o r  condi- 

t i o n s  where t h e  d i f f u s i o n  f requencies  of  c o l l i s i o n s  o f  e l e c t r o n s  with 

atoms and o f  i o n s  with atoms a re  independent  o f  t he  v e l o c i t y  and  the  

i n e q u a l i t y  W,.VGi C mivi,L app l i e s .  The expres s ions  f o r  t h e  v e l o c i t y  of 

d i p o l a r  d i f f u s i o n  and e l e c t r i c  f i e l d  obta ined  i n  r e f e r e n c e  C431 are 

c l o s e  t o  t h e  express ion  given above i f  t h e  quantit ies:v, , ,  Gilt ,  Y,.: a 

formulas (1.16), (1.17), and (1.33). 

6. Summary o f  r e s u l t s .  Table  1 b r i n g s  toge the r  t h e  formulas f o r  

t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i f f u s i o n  c o e f f i c i e n t s  of  t h e  e l e c t r i c  

f i e l d  i n s u r i n g  d i p o l a r  d i f f u s i o n ,  and t h e  diamagnetic c u r r e n t  o f  charged 

p a r t i c l e s .  The t a b l e  a l s o  i n c l u d e s  t h e  cond i t ion  o f  a p p l i c a b i l i t y  o f  

t h e s e  formulas. These cond i t ions  were ob ta ined  w i t h  t h e  use  o f  i n e q u a l i t y  

(1.61, accord ing  t o  which t h e  d i r e c t e d  p a r t i c l e  v e l o c i t y  i n  d i f f u s i o n  
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should  b e  much s m a l l e r  t h a n  t h e  thermal  v e l o c i t y  of t h e  p a r t i c l e s .  

When app ly ing  i n e q u a l i t y  (1.6) t o  a s p e c i f i c  c a s e ,  we u t i l i z e  t h e  above 

der ived  formulas f o r  t h e  components of d i r e c t e d  v e l o c i t y  UII,  a ~ ,  uT ( t h e  

tempera tures  of  t he  e l e c t r o n s  and i o n s  were assumed t o  be o f  t he  same! 

o r d e r ) .  

mensions of t h e  homogeneous r eg ions  of  t h e  plasma; 

I n  t h e  t a b l e ,  iuf,! *TI - are the  C h a r a c t e r i s t i c  d i -  
p1 1 

-- -. - J/% a r e  t h e  Larmor r a d a i i  a r e  t h e  f ree-pa th  l e n g t h s .  o.--- 1 j/f$-, e, =& 
me 9 ‘ t -  mi 

- -  
of  t h e  e l e c t r o n s  and ions .  

2. Transverse  Di f fus ion  i n  a S t r o n g  Magnetic F i e l d  

1. I n i t i a l  r e l a t i o n s .  I n  t h i s  s e c t i o n  w e  s h a l l  cons ide r  t h e  t r a n s -  

v e r s e  d i f f u s i o n  o f  charged p a r t i c l e s  i n  s t r o n g  magnetic f i e l d s  i n  which 

t h e  e l e c t r o n s  and  i o n s  execute  many r e v o l u t i o n s  about  t h e  l i n e s  o f  f o r c e  

of t h e  magnetic f i e l d  d u r i n g  t h e  p e r i o d  between c o l l i s i o n s ,  and t h e  Larmor 

radaii o f  t h e  p a r t i c l e s  are much smaller  than t h e  c h a r a c t e r i s t i c  dimen- 

s i o n s ,  i * e . ,  

Under t h e s e  cond i t ions  t h e  e f f e c t  of p a r t i c l e  c o l l i s i o n s  on t h e i r  motion 

may be cons idered  t o  be a s l i g h t  pe r tu rba t ion .  

I n  t h e  absence o f  c o l l i s i o n s ,  the  motion of charged p a r t i c l e s  i n  

t h e  magnetic f i e l d  is convenient ly  r ep resen ted  as a r o t a t i o n  with Larmor 

frequency about  t he  l e a d i n g  c e n t e r s .  The coord ina te s  of  t h e  l e a d i n g  cen- 

t e r  and t h e  p a r t i c l e s  are then  re la ted  as f o l l o  

Here R, i s  t h e  r ad ius -vec to r  of t h e  l e a d i n g  c e n t e r ,  r, is  t h e  radius- 

v e c t o r  of t h e  p a r t i c l e ,  P, i s  the  Larmor r a d i u s ,  w 

r o t a t i o n  a 

is t h e  v e l o c i t y  of  CY 

The l e a d i n g  c e n t e r s  themselves can move wi th  an a r b i t r a r y  v e l o c i t y  



a long  t h e  magnet ic  f i e l d  (;va,i) I n  a d d i t i o n ,  i n  a t r a n s v e r s e  e l e c t r i c  -- 
f i e l d  t h e  l e a d i n g  c e n t e r s  d r i f t  wi th  t h e  v e l o c i t y  

C 
UE [Eh]. ( 2 . 3 )  - 

Thus t h e  v e c t o r  o f  t h e  p a r t i c l e  v e l o c i t y  i s  given by t h e  sum 

The magnitudes o f  t h e  v e l a c i t y  of r o t a t i o n  o f  the  p a r t i c l e s ,  o f  

t h e  l o n g i t u d i n a l  v e l o c i t y ,  o f  t h e  r o t a t i o n a l  phase , and o f  t h e  t r a n s -  

v e r s e  c o o r d i n a t e s  of t h e  l ead ing  c e n t e r  R_L ( i n  t h e  presence  o f  a t r a n s -  

v e r s e  e l e c t r i c  f i e l d , .  i .e . ,  c o o r d i n a t e s  a long  t h i s  f i e l d )  are  i n t e g r a l s  

o f  motion. The p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n  i n  t h e  absence o f  c o l l i s i o n s  

may be  an a r b i t r a r y  f u n c t i o n  of  t h e  i n t e g r a l s  o f  motion. We s h a l l  cons ide r  

t h e  v e l o c i t y  d i s t r i b u t i o n  func t ion  w t o  be Wamel l i an  and t o  have a concen- 

t r a t i o n  dependent on t h e  t r a n s v e r s e  c o o r d i n a t e s  of  t h e  l e a d i n g  c e n t e r *  : 
I - - _  

/ I '  

'a &L* %.LC g'aiit TI rkoaL di+~aq dv-  tta (RaL)3(, ( v a )  d ~ ~ ,  
(2 .5 )  

The d i s t r i b u t i o n  (2.5) l e a d s  t o  a known expres s ion  f o r  t h e  average  d r i f t  

v e l o c i t y  o f  t h e  p a r t i c l e s  a c t e d  upon by t h e  concen t r a t ion  g r a d i e n t .  

The d r i f t  o f  t h e  l e a d i n g  c e n t e r s ,  and cor respondingly  of t h e  p a r t i c l e s  

themselves ,  a c r o s s  t h e  magnetic f i e l d  i n  t h e  d i r e c t i o n  o f  t h e  concen- 

t r a t i o n  g r a d i e n t  o r  o f  t h e  e l e c t r i c  f i e l d  occurs  as a r e s u l t  o f  t h e  

c o l l i s i o n s .  The p a r t i c l e  flow under  t h e  assumptions made above m a y  be  

determined by means of  t h e  t h e o r y  of random wanderings developed by 

Chandrasekar C46, 121. 

L e t  us d i r e c t  axis 02 a long  t h e  magnetic f i e l d  and axis OX a long  

t h e  concen t r a t ion  g r a d i e n t .  The flow o f  t h e  l e a d i n g  c e n t e r s  a c r o s s  

*It i s  easy t o  show t h a t  dwLdwlldq=2;-dwxdwydwt=-dw. 1 1 
W 
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plane X E const  is  g iven  by t h e  obvious e q u a l i t y  

-I 

t h e  p r o b a b i l i t y  of displacement  dur ing  time At 
of the  leadirrg cen te r  l o c a t e d  a t  p o i n t  X over d i s t a n c e  AX, 

of  At is  chosen so t h a t  many c o l l i s i o n s  can take  p l ace  dur ing  t h i s  

The value 

per iod  of  t ime,  bu t  so t h a t  t he  average displacement be cons iderably  

sma l l e r  than t h e  c h a r a c t e r i s t i c  dimensions (2 < At 

then r ep resen t  n by the  expamio  
- -  

' na ( X - i ' )  Wa (X X ' ,  AX) c na (X) Wa ( X ,  AX) - X' d~ a (naWa). ( 2 e 8 )  

S u b s t i t u t i n g  ( 2 e 8 )  i n t o  ( 2 0 ? ) ,  i n t e g r a t i n g  with r e s p e c t  t o  X' 

averaging  ove r  t h e  v e l o c i t i e s  o f  p a r t i c l e s  of t h e  t t d ' t  kind ,  w e  f i n d  

Here the  symbol s i g n i f i e s  t h e  summation over c o l l i s i o n s  t a k i n g  

p l ace  p e r  u n i t  t ime, and t h e  averaging  over  v e l o c i t i e s :  

{ A X , )  - * [ ( A X ) W a ( X u , A h X ) d ( A X ) .  At . --Q) 

The averaging  is c a r r i e d  c u t  f o r  a f i x e d  va lue  of X,. 

(2,101 

I n  t h e  case i n  which the  gas con ta ins  many t y p e s  of p a r t i c l e s ,  the 

t r ansve r se  flow of p a r t i c l e s  of  each type  i n  t h e  d i r e c t i o n  of t h e  con- 

c e n t r a t i o n  gradien t  may of course be r ep resen ted  as a sum of the flows 

a s s o c i a t e d  wi th  the  c o l l i s i o n s  of p a r t i c l e s  of a given type  w i t h  p a r t i -  

c l e s  of a l l  the  o t h e r  t ypes ;  

(2.11) 

(AXCIB is the  displacement of p a r t i c l e s  of the  foc4t8 k i n d  as a r e s u l t  of  

c o l l i s i o n s  wi th  p a r t i c l e s  o f  the ltfP kind) .  Therefore  w e  s h a l l  subse- 

quent ly  g ive  s e p a r a t e  eons ide ra t ion  t o  t h e  d i f f u s i o n  t a k i n g  p l a c e  



ac ross  t h e  magnetic f i e l d  and a s s o c i a t e d  with va r ious  types  of  c o l l i s i o n s ,  

Under cond i t ions  where the  Larmor r a d i u s  o f  t h e  p a r t i c l e s  is much 

s m a l l e r  t haa  the  r a d i u s  of i n t e r a c t i o n ,  t h e  magnetic f i e l d  has a l m s t  no 

e f f e c t  on the  event of c o l l i s i o n  i t s e l f .  C o l l i s i o n  under t h e s e  cond i t ions  

l e a d s  t o  a change i n  the v e l o c i t y  of t h e  charged p a r t i c l e  by a quan t i ty  

4 v C ,  and, accord ing  t o  (2.2) and (2.4) , t o  a displacement of  t h e  leading; 

c e n t e r  given by t h e  e q u a l i t y  

I 

I n  c o l l i s i o n s  i n  which the r e l a t i v e  change o f  the t r a n s v e r s e  v e l o c i t y  

is a p p r e c i a b l e ,  t h e  l e a d i n g  c e n t e r  is d i s p l a c e d  over  a l eng th  of  t he  o r d e r  

of the  Larmor radius ( f i g .  11,  

I * O H  

I V 

Fige 3. 

S u m a t i o n  of t h e  displacements  due t o  c o l l i s i o n s  of p a r t i c l e s  of t h e  

'*cytq kind with p a r t i c l e s  of t h e  ' q @ v *  kind and ave rag ing  over t h e  v e l o c i t i e s  

g ives  

where /u= Ius- - vsl is t h e  r e l a t i v e  v e l o c i t y .  

The c o l l i s i o n  i n t e g r a l  is c a l c u l a t e d  i n  t h e  usua l  manner C193 

s g ~  == oap ( ~ 3  6) (I  -cos 6) a ~ .  
(a) 

I n  the  integrals of  (zel3) i t  is convenient  t o  change from the 



t o  t he  v e l o c i t i e s  
CY* V p  v e l o c i t i e s  v 

- 
S u b s t i t u t i n g  (2,14) i n t o  (2.13) and t a k i n g  (2.16.) i n t o  account ,  w e  f i n d  

is the  reduced mass 

(2.18) 

I n  formula (2.17) w e  s h a l l  s u b s t i t u t e  express ions  f o r  the  d i s t r i b u t i o n  

func t ions  (2.5) ,  obtained- without cons ide r ing  the  c o l l i s i o n s ,  s i n c e  

under these  c o n d i t i o n s  t h e  c o l l i s i o n s  have l i t t l e  e f f e c t  on the motion 

a f  the charged p a r t i c l e s  ( see  2.1). 

The expres s ion  for'-((AXaB]l) is  ob ta ined  i n  similar fash ion ;  

I n  t h i s  express ion  w e  have neg lec t ed  t h e  change n under t h e  i n t e g r a l  

s i g n ,  ice., when t h e  coord ina te s  changed by a magnitude of t h e  o rde r  of 
b 

t he  Larmor r ad ius .  S u b s t i t u t i n g  the  Maxwell d i s t r i b u t i o n  func t ions  i n  
\ * 

i n t e g r a l  (2.19),  i t  is  e a s y  t o  reduce t h e  l a t t e r  t o  the form 

1. .-. 

Using f o r m a  (2.11),  (2.17) and (2.20) we can determine the f lows 

a s s o c i a t e d  with c o l l i s i o n s  of p a r t i c l e s  of  va r ious  types.  

2. - 
. As befo re  w e  s h a l l  cons ide r  t h a t  the  d e n s i t y  o f  t he  

t i c l e s  is independent of t h e  coord ina te s  and t h a t  t h e  v e l o c i t y  
* 

When changing t o  (2.20) we have assumed i n  formulas (2.5) t h a t  v LC w1 
cons ide r ing  t h a t  the d r i f t  v e l o c i t y  ue is much l e s s  than t h e  thermal  

9 



dis t r i b  ut  i o n  is Mame lli an 

Under these  c o n d i t i o n s ,  expres s ion  (2,171 f o r  t he  displacement of 

charged p a r t i c l e s  of  t h e  * I d t  kind  determined by t h e i r  c o l l i s i o n s  wi th  

n e u t r a l  p a r t i c l e s ,  is reduced t o  t h e  form 

(2.22) 

a f t e r  t he  s u b s t i t u t i o n  o f  t he  formula ( 2 * 5 ) .  

I n  t h i s  case we have l e f t  o n l y  those  terms which a r e  p r o p o r t i o n a l  

t o  the  first power o f  E ( t h e  d r i f t  v e l o c i t y  ue is assumed t o  be small 

compared t o  t h e  thermal  v e l o c i t y  .vpa/n~a ) e 

Formulas (2.11), (2.20), and (2,22) rnake it poss ib l e  t o  o b t a i n  an  

express ion  f o r  the t r a n s v e r s e  flow charged p a r t i c l e s  caused by t h e i r  

c o l l i s i o n s  wi th  n e u t r a l  p a r t i c l e s ;  

i n  which the  e f f e c t i v e  c o l l i s i o n  frequency vcyPl is given by t h e  e q u a l i t y  

It should  be  no ted  t h a t  for t he  case of e l e c t r o n s ,  formulas (2,23) 

(2.24) can be s i m p l i f i e d  s i n c e  me(< mn, and t h e r e f o r e  ( s e e  (2.21)) 

Ten* Pen 

The temperature  of t he  ions should be t a  n t o  be equal  t o  the tempera- 

t u r e  of the n e u t r a l  gars; 

Ti-T, ,  

Indeed, a complete exchange of t h e  e n e r g i e s  of t h e  i o n s  and atoms of 

comparable masses occur s  as a r e s u l t  o f  s e v e r a l  c o l l i s i o n s ,  During 

t h a t  time the  i o n  may be  d i sp laced  by s e v e r a l  Larmor r a d i i ,  i .e . ,  over  

20 



a d i s t a n c e  cons iderably  s m a l l e r  than  the c h a r a c t e r i s t i c  dimension ( s e e  

2.1). Therefore  du r ing  the t i m e  of  t h e  d i f f u s i o n  a thermal  equ i l ib r ium 

between the  i o n s  and atoms w i l l  undoubtedly be e s t a b l i s h e d ,  

Expression (2 .23)  g ives  t h e  corresponding va lues  of  t he  d i f f u s i o n  

c o e f f i c i e n t s  and of t h e  d i r e c t e d  v e l o c i t y  of the p a r t i c l e s ;  

1 - *,Van 
mama 

Dan = 3 vane:, 

.- ZcrVan 

a r t  
i ) E = -  ,)) 0 3  eE= -yafi 

__ 1 

(2,251 

The phys ica l  meaning of  t h e s e  expres s ions  is easy  t o  understand. The 

d i f f u s i o n  c o e f f i c i e n t  is e q u a l  t o  h a l f  t he  mean square  of the  p a r t i c l e  

displacement; per u n i t  t ime, S i n c e  t h e  p a r t i c l e  displacement is of t h e  

o rde r  of t h e  Larmor r a d i u s  Qa i n  each c o l l i s i o n  ( see  Fig.  11, the  dif- 

fus ion  c o e f f i c i e n t  shou ld  be of t he  o rde r  of  VanQa -I 

-% (2 .25 ) .  

A displacement of  the  p a r t i c l e  i n  the  d i r e c t i o n  of t h e  e l e c t r i c  

f i e l d ,  i n  accordance with (2.12) ( see  a l s o  Fig.  1 )  , is given by the  ve- 

l o c i t y  change i n  the  pe rpend icu la r  d i r e c t i o n  AvqU e Accordingly,  

the  mean v e l o c i t y  i n  t h e  d i r e c t i o n  o f  t h e  f i e l d  shou ld  be p ropor t iona l  

. T  

t o  the  number of c o l l i s i o n s  and t he  mean v e l o c i t y  i n  the  d i r e c t i o n  per- 
m c 

pendicular  t o  the  f i e l d  (AXa)=-Van(i&H) raj,, as given  by e q u a l i t y  (2 .25 ) .  

Using expres s ion  (2.23) me can a l s o  f i n d ,  as WBS done i n  t h e  pre-  

ceeding chap te r ,  t h e  v e l o c i t y  of t h e  d i p o l a r  d i f f u s i o n  caused by c o l l i -  

s i o n s  of charged p a r t i c l e s  with n e u t r a l  p a r t i c l e s .  I n  the case  of a gas 

composed of e l e c t r o n s ,  one k i n d  of  p o s i t i v e  i o n s  and n e u t r a l  p a r t i c l e s ,  

the  r e l a t i o n  g i v i n g  the d i p o l a r  d i f f u s i o n  v e l o c i t y  is obta ined  by equat- 
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The e l e c t r i c  f i e l d  is  then  given by the  approximate formula 

3. Dif fus ion  caused by c o l l i s i o n s  of chargB4 p a r t i c l e s  with one 

another  L353. Under cond i t ions  where the  e f f e c t  of c o l l i s i o n s  of charged 

p a r t i c l e s  with one ano the r  on the  d i f f u s i o n  is impor t an t ,  t he  time of  t h e  

energy exchange o f  charged p a r t i c l e s  of va r ious  types  is found t o  be con- 

s i d e r a b l y  s h o r t e r  than  the  time of t h e  d i f f u s i o n .  For the  energy exchange 

between e l e c t r o n s  and i o n s ,  f o r  example, mi/me c o l l i s i o n s  a r e  r e q u i r e d  e 

The same number of c o l l i s i o n s  is necessary  t o  make the  e l e c t r o n s  and i o n s  

* 

m a  i d i f f u s e  over  a l e n g t h  of t he  o r d e r  o f  the  Larmor i o n i c  r a d i u s  

r e s u l t  o f  c o l l i s i o n s  with one another .  S i n c e ,  accord ing  t o  ( 2 * 1 ) ,  the 

c h a r a c t e r i s t i c  dimensions of t h e  plasma a r e  cons ide rab ly  g r e a t e r ,  a the r -  

m a l  equ i l ib r ium shou ld  be e s t a b l i s h e d  between t h e  charged p a r t i c l e s  dur- 

i n g  the p e r i o d  of  d i f f u s i o n .  Accordingly,  we s h a l l  subsequent ly  cons ide r  

the  temperature  of charged p a r t i c l e s  of d i f f e r e n t  types t o  b e  t h e  same: 

Using formula (2,171, l e t  us determine the  average displacement i n  

c o l l i s i o n s  of charged p a r t i c l e s ,  -As&. e I n  c a r r y i n g  out  t he  c a l c u l a t i o n  

we must cons ide r  the dependence of the  concen t r a t ion  of p a r t i c l e s  of t h e  

''FJ'' kind  on t h e  coord ina te s  : 

(2.29) an 
nB (a = ng (%I) -J- (.us - 

The d i f f e r e n c e  i n  coord ina te s  X 

( f o r  a f i x e d  value of X,) is determined i n  accordance wi th  (2.21, (2.4) 

- X, a s s o c i a t e d  wi th  the  c o l l i s i o n s  B 

* 
W e  have i n  mind-the "close" c o l l i s i o n s  r e s u l t i n g  i n  a &@nge of t he  

e l e c t r o n  v e l o c i t y  by an ang le i=dk  o r  a s e t  of d i s t a n t  i n t e r c s ~ t i o n  which 
is equ iva len t  t o  a "close"  c o l l i s i o n .  

a 
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and (2.16) by t h e  e q u a l i t y  

(2.30) 

- . -  - - -- . 
S u b s t i t u t i n g  (2 .29)  and (2.30) into (2.17) w e  can e a s i l y  f i n d  t h e  raagni- 

tude of @a@ . Neglec t ing  i n  (2.29) t h e  terms p r o p o r t i o n a l  t o  the second 

and h ighe r  d e r i v a t i v e s  of t he  concen t r a t ion ,  s i n c e  t h e  concen t r a t ion  with- 

i n  t he  l i m i t s  of t h e  I, mor r a d i u s  is s m a l l ,  r e  o b t a i n  the  fo l lowing  ex- 

p re s s ion  f o r  (AX,, : 

U 

Formulas (2.11), (2 ,20) ,  and (2.31) g i v e  an expres s ion  f o r  t he  d i f f u s i o n  

flow caused by t h e  c o l l i s i o n  of charged p a r t i c l e s :  

i n  which v S u b s t i t u t i n g  the Ruther ford  

cross s e c t i o n  i n t o  (2,24) and ( 2 , l 5 ) ,  we o b t a i n  a r e l a t i o n  which gives  

is given by e q u a l i t y  (2.24), m 

Here L is the  Coulombic l o g a r i t h  - _  - -  P max 
P min 

L=ln-,  (2.34) 

f L  
rh = Where i"h re9 

r, = - T I zazfi 1 C? > r/,.  1 'P,,,in = I'o = 

The express ion  for t h e  d i f f u s i o n  flow (2,23)* t a k i n g  (2,333) i n t o  account ,  

can be r ep resen ted  as 

I t  should  be noted t h a t  t he  c o l l i s i o n s  of charged p a r t i c l e s ,  independent ly  
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of t h e  magnitude of t h e  e l e c t r i c  f i e l d ,  l e a d  t o  a d i p o l a r  flow i n  t h e  

d i r e c t i o n  o f  t he  concen t r a t ion  g r a d i e n t  . Indeed, accord ing  t o  (2.35) 

4. On t h e  i n f l u e n c e  of  c o l l i s i o n s  of lib charged p a r t i c l e s  on t h e  

d i f f u s i o n  of t he  plasma a c r o s s  a magnetic f i e l d  C35, 393 a It fol lows 

from formula (2 .35 )  t h a t  c o l l i s i o n s  between l i k e  p a r t i c l e s  do no t  result  

i n  a d i f f u s i o n  flow p r o p o r t i o n a l  t a  t h e  concen t r a t ion  g r a d i e n t  

ra& = 0, 

I n  c e r t a i n  s t u d i e s  ( f o r  example i n  r e f .  C6J) this e f f e c t  is a t t r i b u t e d  

t o  t h e  f a c t  t h a t  t he  ? 'center of  BELSS of the  l e a d i n g  centers"  is d i s p l a c e d  

dur ing  c o l l i s i o n s  of  l i k e  p a r t i c l e s .  Such an exp lana t ion  should  not  be  

considered s a t i s f a c t o r y  s i n c e  the  d i f f u s i o n  may a l s o  take p lace  when t h e  

p o s i t i o n  of t he  c e n t e r  of  t he  mass of the p a r t i c l e s  remains unchanged 
* 

- -  . 
OH 

As shown i n  ( r e f .  c353), i n  t he  case  of  c o l l i 6 i o n s  between like 

p a r t i c l e s ,  t h e  d i f f u s i o n  flow g iven  by the mean squa re  of displacement  

is balanced by an oppos i t e  flow p r o p o r t i o n a l  t o  the  mean displacement.  

The o r i g i n  of  t h i s  flow is  not  d i f f i c u l t  t o  understand. As can be  seen  

from Fig.  2, when p a r t i c l e  1 co l lhdes  wi th  a similar p a r t i c l e  2,  the  

l e a d i n g  c e n t e r  of p a r t i c l e  1 is d i s p l a c e d  toward p a r t i c l e  2 ( a l o n g  curve 

I ) .  I n  the presence of a concen t r a t ion  g rad ien t ,  t h e r e  a r e  more c o l l i s i o n s  

on the s i d e  where the  concent r a t i o n  is g r e a t e r .  Theref o r e  c o l l i s i o n s  
* 

Let us n o t e  t h a t  i n  accordance wi th  (2.35) the d i f f u s i o n  flow caused by 
the c o l l i s i o n  of  p a r t i c l e s  of d i f f e r e n t  masses, i n  which the c e n t e r  of mass 
of  the l e a d i n g  c e n t e r  is d i sp laced ,  may a l s o  become 0 ( f o r  i n s t a n c e  i f  
Z,=-Z~!  n,=na). 
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between l i k e  particles l e a d  t o  an average displacement  and correspond- 

i n g l y  t o  t h e i r  flow i n  the  d i r e c t i o n  of  i n c r e a s i n g  concent ra t ion .  This  

flow o f f s e t s  t he  o r d i n a r y  d i f f u s i o n  f low i n  the d i r e c t i o n  of d e c r e a s i n g  

concent ra t ion .  A complete equal iz ia t ion of  the  flows is ob ta ined  i n  ac- 

cordance with (2.35) when the c a l c u l a t i o n  is made t o  wi th in  the  f i r s t  

space d e r i v a t i v e  of t he  concent ra t ion .  

Ca lcu la t ions  with h igher  d e r i v a t i v e s  of the  concen t r a t ion  made it 

p o s s i b l e  t o  determine t h e  v e l o c i t y  of t he  d i f f u s i o n  caused by c o l l i s i o n  

of  l i k e  p a r t i c l e s  [35]. The corresponding express ion  f o r  the  d i f f u s i o n  

flow is - 

' ^  -3) 
, : -- HQU (<) "L" a 

- 11 
The r a t i o  of  the flow of  i o n s  caused by t h e i r  c o l l i s i o n s  with one 

ano the r  t o  t h e  flow caused by t h e i r  c o l l i s i o n s  w i t h  e l e c t r o n s  has ,  i n  

I n  r e f .  [35] i t  has been noted t h a t  under cond i t ions  determined 

from formula (2 ,39) ,  t h e  flow o f  i o n s  due t o  t h e i r  c o l l i s i o n s  with one 

another  may b e  p reva len t  . However, as can be s e e n  from (2.38) the 

c o l l i s i o n s  of  l i k e  p a r t i c l e s  produce d i f f e r e n t  rates of  d i f f u s i o n  of 

e l e c t r o n s  and i o n s  ( t h e  i o n s  d i f f u s e  f a s t e r ) .  Therefore ,  a s e p a r a t i o n  

of  charges  a r i s e s  i n  the  plasma, and hence t h e  t r a n s v e r s e  e l e c t r i c  

f i e l d  is inhomogeneous i n  t h e  gene ra l  case  091 .  I n  an inhomogeneous 

e l e c t r i c  f i e l d ,  the  d r i f t  v e l o c i t i e s  of the c o l l i d i n g  p a r t i c l e s  are 

d i f f e r e n t  ( s i n c e  t h e i r  l e a d i n g  c e n t e r s  a r e  d i s p e r s e d  i n  space ) .  The 

c o l l i s i o n s  g ive  r i s e  t o  a " f r i c t i o n  f o r c e *  p r o p o r t i o n a l  t o  the mean 
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r e l a t i v e  d r i f t  v e l o c i t y  and d i r e c t e d  p a r a l l e l  to  i t  ( i .e . ,  pe rpend icu la r  

t o  the  e l e c t r i c  and magnetic f i e l d ) ,  The " f r i c t i o n  force'' g i v e s  r i s e  t o  

a p a r t i c l e  d r i f t  parallel  t o  the e l e c t r i c  f i e l d .  The d i r e c t i o n  of t h i s  

d r i f t  is oppos i t e  f o r  p a r t i c l e s  of o p p o s i t e  charge. The inhomogeneous 

e l e c t r i c  f i e l d  thus  changes the p a r t i c l e  flow due t o  c o l l i s i o n s  and may 

c r e a t e  a d i p o l a r  mode of d i f f u s i o n ,  i.e., the  absence of an e l e c t r i c  cur- 

r e n t  i n  the  d i r e c t i o n  of t h e  g r a d i e n t s .  Ref. [39] showed t h a t  t he  e l e c t r i c  

f i e l d  produced i n  d i p o l a r  d i f f u s i o n  i n  a gas composed of e l e c t r o n s  and 

s i n g l y  charged i o n s  has  an  o r d e r  o f  
E+-.- T 

% 
( t h e  f i e l d  d i s t r i b u t i o n  is determined by the  cond i t ion  t h a t  t he  t r a n s v e r s e  

c u r r e n t  be equal  t o  0). The r a t i o  of the d i p q l a r  d i f f u s i o n  flow propQr- 

t i o n a l  t o  h ighe r  d e r i v a t i v e s  of t h e  concen t r a t ion  '4" I' t o  t h e  flow pro- 

p o r t i o n a l  t o  the concen t r a t ion  g r a d i e n t  T'' is  g iven  i n  o r d e r  of  magni- 

tude by t h e  e q u a l i t y  

Thus the  d i p o l a r  flow p r o p o r t i o n a l  t o  h ighe r  d e r i v a t i v e s  of the  

concen t r a t ion ,  and i n  p a r t i c u l a r ,  the flow caused by c o l l i s i o n s  of l i k e  

p a r t i c l e s ,  a r e  small under the c o n d i t i o n s  cons idered  ( see  2 , l )  and can 

be neglected.  

54 

on the  d i f f u s i o n .  I f  the  plasm c o n t a i n s  i o n s  with d i f f e r e n t  charges ,  

t h e i r  c o l l i s i o n s  may have a cons ide rab le  e f f e c t  on the  t r a n s v e r s e  d i f -  

fus ion  of the  plasma f2, 371. Indeed, each such  c o l l i s i o n  l e a d s  t o  an  

apprec i ab le  change i n  t h e  momentum of t h e  i o n s  , i .e., t o  a displacement 

of  t h e  l e a d i n g  c e n t e r  of t h e  i o n  ove r  a d i s t a n c e  of t h e  o r d e r  o f  the 

Larmor r a d i u s  while c o l l i s i o n s  of t h e  i o n  with an e l e c t r o n  r e s u l t  i n  a 
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cons iderably  s m a l l e r  displacement  of the  i o n ,  s i n c e  the r e l a t i v e  momentum 

change o f  the i o n  is then of  the o r d e r  of  t he  r a t i o  of the  e l e c t r o n  mass 

t o  the i o n  mass. 

The r o l e  of  the  e o l l i s i o a s  of i o n s  of d i f f e r e n t  charges  may be  evalu-  

ated by means o f  r e l a t i o n  (2e35). For t h e  same r e l a t i v e  concen t r a t ion  
1 *na 

g r a d i e n t s  o f  the  p a r t i c l e s  (c@=<z ' u n B )  t h e  r a t i o  of  t he  d i f f u s i o n  
c 

flow of i o n s  wi th  charge Z,e cawed by c o l l i s i o n s  w i t h  i o n s  postaessing 

charge Z e ,  to  t h e  flow caused by c o l l i s i o n s  with e l e c t r o n s ,  becomes the  

e q u a l i t y  
13 

-_ --_ 

This  r a t i o  may be g r e a t e r  even i f  q,g na i .e . ,  i f  t h e r e  is presen t  a 

s m a l l  amount of impur i ty  i o n s  with a charge d i f f e r e n t  from the  charge of 

t h e  bulk of the  i o n s ,  s i n c e  the i o n  masses ma, 

the  e l e c t r o n  masses m 

a r e  much g r e a t e r  t han  

e 

Le t  us n o t e  t h a t  i n  a p l a s m  con ta in ing  two types of p o s i t i v e  i o n s  

t h e i r  c o l l i s i o n s  lead t o  an oppos i t e  d i r e c t i o n  of t h e  d i f f u s i o n  flow of 

ions of d i f f e r e n t  charges  ( s e e  (2.36)). For the  same r e l a t i v e  concen- 

t r a t i o n  g r a d i e n t ,  i n  accordance with formula (2.35), the  i o n s  wi th  the  

s m a l l e r  charge shou ld  d i f f u s e  i n  the  d i r e c t i o n  i n  which the  concen t r a t ion  

decreases  ( t h e  usual d i r e c t i o n  of the  d i f f u s i o n ) ,  whereas the  i o n s  wi th  

g r e a t e r  charges  should d i f f u s e  i n  the d i r e c t i o n  i n  which the  concentra- 

t i o n  inc reaees .  

Under s t e a d y - s t a t e  cond i t ions ,  when the  i o n s  are formed i n  the ten- 

t e r  o f  the  p l a s m  volume and t h e i r  c o n c e n t r a t i o n  decreases  toward the  

per iphery ,  the  d i f f u s i o n  of  i o n s  of a l l  typea shou ld  a l s o  be d i r e c t e d  

toward t h e  pe r iphe ry  of t he  volume. This  means t h a t  the s t e a d y - s t a t e  

d i s t r i b u t i o n  of t h e  concen t r a t ion  cannot be  c h a r a c t e r i z e d  bjf the  same 



r e l a t i v e  g r a d i e n t s  of i o n s  of bo th  types.  It is easy  t o  s e e  t h a t  t h e  

i o n s  with the g r e a t e r  charge should be  more concent ra ted  at the c e n t e r  

of the  volume than the  i o n s  with the s m a l l e r  charge.  

L e t  us take a6 an example the d i f f u s i o n  of mult icharged i o n s  of an 

impur i ty  of the "ar9 kind i n  a p l a s  composed mainly of s i n g l y  charged 

ions  and e l e c t r o n s  (assuming t h a t  na < ni--ne= n )  , The d i f f u s i o n  flow of 

t he  impur i ty  ions  is  given by t h e  e q u a l i t y  (2 .35)  

- .e- 

f '  $- (+)*/z c d l n n  
Pal 

L "  

The second term i n  b races  is much s m a l l e r  than the  first s i n c e  ,me< 

Therefore ,  i n  o r d e r  t h a t  t h e  flow o f  t he  impur i ty  ions  be d i r e c t e d  
-- - 

ward a decreas ing  concen t r a t ion ,  the i n e q u a l i t y  

2.43) 

h i -  * 

to- 
- 

should be obeyed, meaning t h a t  t he  change i n  the  impur i ty  c o n c e n t r a t i o n  

with the coord ina te  should be f a s t e r  t han  n a. This  i n e q u a l i t y  thus Z 

determined t h e  s h a r p  drop i n  the concen t r a t ion  of mult icharged impur i ty  

i o n s  at  the pe r iphe ry  of the  plasma, 

6. Di f fus ion  i n  a s t r o n g  magnetic f i e l d  a f f e c t i n g  p a r t i c l e  c o l l i -  

sions, Thus far, t h e  d i f f u s i o n  w a s  discussed f o r  cond i t ion6  under which 

the magnetic f i e l d  does not  have a d i r e c t  e f f e c t  i n  the  c o l l i s i o n s ,  i . e .$  

v 

when the  Larmor r a d i i  of t h e  p a r t i c l e s  a r e  much g r e a t e r  than the  r a d i u s  

of i n t e r a c t i o n  

However, i n  s t r o n g  magnetic f i e l d s  f o r  which the r a d i u s  of i n t e r -  

a c t i o n  of charged p a r t i c l e s  ( t h e  Debye r a d i u s )  is comparable t o  the 

Larmor r a d i u s  of t he  e l e c t r o n s  o r  exceeds i t ,  i t  is necessary t o  con- 

s i d e r  t h e  i n f l u e n c e  o f  the f i e l d  on the p a r t i c l e  c o l l i s i o n s .  A d i scuss ion  

of t he  d i f f u s i o n  of charged p a r t i c l e s  t ak ing  i n t o  c o n s i d e r a t i o n  t h e  d i r e c t  
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i n f l u e n c e  of t h e  magnetic fieUd on t h e  c o l l i s i o n s  is  given i n  r e f  c31, 

383* * 

As b e f o r e ,  the d i f f u s i o n  flow caused by t h e  c o l l i s i o n s  can b 

ned by means o f  formula (2.11). However the  q u a n t i t i e s  "AX,B) an 

((A#yafi)2)in t h i s  formula shou ld  be c a l c u l a t e d  by t a k i n g  i n t o  cons id  

t i o n  the  e f f e c t t  of t h e  magnetic f i e l d  on the  motion of the  p a r t i c l e s .  

I n  performing the  c a l c u l a t i o n ,  w e  s h a l l  assume t h a t  the  i n t e r a c t i o n  crf 

the charged p a r t i c l e s  is desc r ibed  by t h e  Coulombic p o t e n t i a l  "cut  ofP" 

at  the  nebye r ad ius .  

I n  o r d e r  t o  c h a r a c t e r i z e  t h e  c o l l i s i o n s  i n  a s t r o n g  magnetic f i e l d ,  

i t  is  convenient  t o  i n t r o d u c e  t h e  impact parameters  p. 

I f  we determine t h e  r e l a t i o n  between t h e  displacement of  a p a r t i c l e  

upon c o l l i s i o n  TAX;+ and the  impact parameter ,  the average quant$ty/(AXMB) 
- 

- -_ 

where pl, pz are the  p r o j e c t i o n s  of t he  impact parameter on t h e  mutual ly  

pe rpend icu la r  axes i n  t h e  plane pe rpend icu la r  t o  the vec to r  o f  t h e  r e l a -  

t i v e  v e l o c i t y  Ve 

(AXa,)2 is given by a similar e q u a l i t y .  The c a l c u l a t i o n  

of'  (AXafi) ,-((Aka~)')  'and of t h e  corresponding d i f f u s i o n  flow f o r  an a r b i t r a r y  

magnetic f i e l d  e f f e c t  on t h e  c o l l i s i o n s  is d i f f i c u l t .  For t h i s  reason we 

a r e  cons ider ing  below two l i m i t i n g  cases.  I n  the f i r s t  case t h e  motion 

of one o f  t he  p a r t i c l e s  in one o f  t he  c o l l i s i o n s  is s t r o n g l y  "magnetized", 

while t he  seuond p a r t i c l e  is  p r a c t i c a l l y  una f fec t ed  by the  magnetic f i e l d .  
* 

Ref rn L.63 a l s o  a t t empt s  t o  d i s c u s s  d i f f u s i o n  i n  a magnetic f i e l d  in- 
f luenc ing  the  c o l l i s i o n s ,  This  work, however, con ta ins  an e r r o r :  t h e  
authorq make the  i n c o r r e c t  assumption t h a t  t h e  t o t a l  p re s su re  of the  
p a r t i c l e s  is cons tan t  'I without  cons ide r ing  t h e  magnetic p r e s s u r e  ( f o r  
more d e t a i l s ,  s e e  r e f .  C3812. 



T h i s  t a k e s  p lace  i n  t h e  case  of c o l l i s i o n s  of e l e c t r o n s  with i o n s  i f  

e e < P P Q i  e I n  t h e  second c a s e ,  t h e  motion of bo th  p a r t i c l e s  is mag- 

n e t i z e d  ( c o l l i s i o n s  o f  e l e c t r o n s  w i t h  one a n o t h e r  at ieB<'p, , c o l l i s i o n s  

of e l e c t r o n s  wi th  i o n s  and of i o n s  i t b  one a n o t h e r  a t \  et< P 1. 
- I .  

QH'. 
i 

'L 

Dif fus ion  of e l e c t r o n s  caused by t h e i r  c o l l i s i o n s  with i o n s  at 

p cc ei*  I n  a c o l l i s i o n  process  i n  which the impact parameter is much 

g r e a t e r  t han  t h e  Larrnor r a d i u s ,  t h e  e l e c t r o n  d r i f t s  i n  the  e l e c t r i c  f i e l d  

o f  t he  i o n  (F ig .  3 ) .  The t r a n s v e r s e  displacement of t h e  l e a d i n g  c e n t e r  

of t he  e l e c t r o n  caused by t h e  c o l l i s i o n  is given by t he  e q u a l i t y  
m M 

where Fni= --Z,e*rV(r) is the  f o r c e  e x e r t e d  on the  e l e c t r o n  by t h e  i o n ,  and 

r is the  radius vecto m the  i o n  to the  e l e c t r o n  

S i n c e  t h e  meem t h e r m 1  v e l o c i t y  of i o n s  is much s m a l l e r  than t h a t  of  

e l e c t r o n s ,  we s h a l l  first cons ider  t h e  d r i f t  of e l e c t r o n s  assuming t h a t  

t he  ions  a r e  at rest .  Furthermore,  s i n c e  i n  the  case  under cons ide ra t ion  

the mean energy of t h e  e l e c t r o n s  is much g r e a t e r  than the energy of i n -  

t e r a c t i o n  dur ing  c o l l i s i o n s  ( s i n c e  the  Larmor radius  is much g r e a t e r  

than the  " s t rong  i n t e r a c t i o n "  r ad ius  IC), we s h a l l  assume t h a t  the l o n g i -  

t u d i n a l  e l e c t r o n  v e l o c i t y  is c o n s t a n t ,  

e 

As fo l lows  from (2.46), t he  pro- 

j e c t i o n  of t he  t r a j e c t o r y  o f  t he  l e a d i n g  c e n t e r  of  the  e l e c t r o n  on p lane  

XY is an a r c  of a c i r c l e  with its c e n t e r  a t  the  p o i n t  where t h e  i o n  is 

l o c a t e d  ( s e e  Fig.  3) .  The l e n g t h  of t h e  pa th  of the l e a d i n g  c e n t e r  



dur ing  the  t ime of t h e  c o l l i s i o n  is  given ,  i n  accordance w i t h  (2.46), by 

the  r e l a t i o n  
00 

s, = - 
-03 

(2.48) 

As can be seen f r o m  Fig.  3r the displacement v e c t o r  of the l e a d i n g  c e n t e r  

may be determined by t h e  e q u a l i t y  

which a l lows  f o r  t h e  f a c t  t h a t  

t h e  d i r e c t i o n  of v e c t o r  p w a s  chosen from t h e  i o n  t o  the  e l e c t r o n .  

E q u a l i t i e s  (2.49) and (2,5O) g ive  the displacement  of t h e  e l e c t r o n  

i n  t h e  d i r e c t i o n  of the  g r a d i e n t s  
m 00 

When c a l c u l a t i n g  <AXe> by means of (2.45), i t  i s  necessary  t o  take  

i n t o  account t h e  change i n  the concen t r a t ion  of t he  i o n s  wi th in  the r eg ion  

of i n t e r a c t i o n  ( t h i s  change is asjsuraed to  be small) 
ani 

ni ( X i )  = ni (X,) - P* - 
The r e l a t i v e  v e l o c i t y  which should  be s u b s t i t u t e d  i n t o  t h e  i n t e g r a l s  

of  (2.45) is obviously the  l o n g i t u d i n a l  v e l o c i t y  of t he  e l e c t r o n  v E fve,\. 

Ca lcu la t ions  us ing  formulas (2.45) and (2.51) and t ak ing  (2.52) and (2 , s )  

i n  t o  cons ide ra t ion  produced the  fo l lowing  r e s u l t  

Lp = In - Pinax , 
P,iiin 

We can s i m i l a ~ l y  determine the q u a n t i t y  

R y;;; L L Z'n (( AXe)') = 2 ( 2;m p v ' i .  (2.56) 



The c a l c u l a t i o n  w a 5  c a r r i e d  o u t  t o  w i t h i n  the  terms p r o p o r t i o n a l  

2 t o  1 /H  

The e r r o r  which is then permiss ib le  is of the  o r d e r  of 

( t h e  terms p r o p o r t i o n a l  t o  h ighe r  powers of 1 / H  were omi t t ed ) ,  

The v e l o c i t y  i n t e g r a l  Lv d ive rges  at t h e  lower  ( z e r o )  l i m i t ,  Th i s  

divergence is due t o  the  f a c t  t h a t  i n  the  t rea tment  under c o n s i d e r a t i o n ,  

t he  t ime of  i n t e r a c t i o n  between an e l e c t r o n  and an i o n  i n c r e a s e s  i n d e f i -  

n i t e l y  as the  l o n g i t u d i n a l  v e l o c i t y  of the e l e c t r o n  decreases ,  Ac tua l ly ,  

uwhere v* . 
t h e  i n t e r a c t i o n  t ime is l i m i t e d .  It  cannot be more than p/v 

=A 
is  the  t r a n s v e r s e  v e l o c i t y  component of the i o n .  When vez I vil, t h e  

i o n  escapes  from the r e g i o n  of i n t e r a c t i o n  f a s t e r  than  the e l e c t r o n ,  

Another l i m i t a t i o n  is a s s o c i a t e d  with the  l o n g i t u d i n a l  a c c e l e r a t i o n  of 

t h e  e l e c t r o n  i n  the p rocess  of c o l l i s i o n .  The l o n g i t u d i n a l  e l e c t r o n  

v e l o c i t y  i n  t h e  v i c i n i t y  o f  the i o n  cannot be l e s s  than t h e  magnitude of 

the  o r d e r  of  

S i n c e ,  however, the  i n t e g r a l  Lv d ive rges  l o g a r i t h m i c a l l y ,  i t  is p o s s i b l e  

t o  r ep lace  the  e x a c t  c a l c u l a t i o n  by " c u t t i n g  o f f "  the  i n t e g r a l  at v e l o c i t y  

v equal  t o  vc o r  vi. We then  o b t a i n  
- 

- -__- - 0 '  I 

'- d ( 2 584 
'L,==ln-6;j-= 

(2*58b) 

\ -  P = (PrnaxPrrrrn)1'2. 

The express ions  for'(A&l} an ((AXe)') have been der ived  wi th  the as- 

surnption t h a t  t he  i o n  i s  at rest. The f a c t  t h a t  the i o n s  have a d i r e c t e d  

v e l o c i t y  caused by the p e s su re  g rad ien t  l e a d s  t o  t h e  a d d i t i o n a l  directed 

e l e c t r o n  d i s p l a c e m e n t ~ d ~ , i 1  The magnitude of t h i s  displacement can bet 

determined by means of E i n s t e i n ' s  r e l a t i o n  between the  d i f f u s i o n  c o e f f i -  

c i e n t s  and the m o b i l i t y  of the p a r t i c l e s .  I n  o r d e r  t o  apply  E i n s t e i n t s  
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r e l a t i o n  i t  is  necessary  t o  change t o  a r e f e r e n c e  system i n  which the 

i o n s  a r e  at r e s t .  Th i s  r e f e r e n c e  system moves r e l a t i v e  t o  the l abora -  

t o r y  system a t  a v e l o c i t y  equa l  t o  the  v e l o c i t y  of d i r e c t e d  motion of 

t he  i o n s  u ( see  (2.6)).  I n  the  moving system, t h e r e  arises an e lec -  
i g  

t r i c  f i e l d  whose s t r e n g t h  is equal t o  

u - A  _-- 
PShen a c t e d  upon by a weak e l e c t r i c  f i e l d ,  the  e l e c t r o n s  should  move along 

the  e l e c t r i c  f i e l d  as a r e s u l t  of the  c o l l i s i o n s ,  and t h e i r  average d is -  

placement p e r  u n i t  time should be p r o p o r t i o n a l  t o  the f i e l d  s t r e n g t h :  

(A%II) (2,601 

The e l e c t r o n  mob i l i t y  p may be determined by means of E i n s t e i n ' s  

e re1 at i o n 
p.p. -- 'I, D, 

1 (2e61) 

The d i f f u s i o n  c o e f f i c i e n t  e n t e r i n g  i n t o  t h i s  r e l a t i o n  is ,  as we know, 

determined by the  mean s q u a r e  of  the  displacement 

1 D y i 

Using e q u a l i t i e s  ( 2 - 5 9 )  - (2.62) we o b t a i n  an express ion  f o r  the 

mean displacement o f  e l e c t r o n s  which is a s s o c i a t e d  w i t h  the  d i r e c t e d  

motion of i o n s  

A more d e t a i l e d  t rea tment  of  the  mechanism of e l e c t r o n  displacement 

a s s o c i a t e d  with the  t r a n s v e r s e  r e l a t i v e  motions of the e l e c t r o n  and i o n ,  

given i n  r e f .  [38], has shown t h a t  the  average displacement <(AX,II) 

c h i e f l y  determined by e l e c t r o n s  o f  small l o n g i t u d i n a l  v e l o c i t i e s ,  The 

dev ia t ions  from t h e  Maxwell d i s t r i b u t i o n  i n  the  r eg ion  of low l o n g i t u d i n a l  

v e l o c i t i e s  may result  i n  a s u b s t a n t i a l  change i n  {A&,) 

d i f f u s i o n  flow o f  t h e  p a r t i c l e s .  

- " -_ 
i 

and hence i n  t h e  
"*_ 
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Formulas (2.531, (2.56) and (2.63) determine (AX,) and ((AX,)2) 4 

((Axe) i s  obta ined  by summing up (AXe,) and (AXerl)) e Using t h e s e  formulas 

and (2.11),  we o b t a i n  t h e  fo l lowing  express ions  f o r  t h e  flow of  e l e c t r o n s  

i n  the  d i r e c t i o n  of  t h e  concen t r a t ion  g r a d i e n t  caused by t h e i r  c o l l i s i o n s  

I "  

8. Dif fus ion  o f  i o n s  caused by t h e i r  c o l l i s i o n s  with e l e c t r o n s  at  

1 @ e < P i K - @ i .  When \ \ B i > > p ,  , t h e  e f f e c t  o f  t h e  magnetic f i e l d  on t h e  motion of -- __. 
- __ - 

t h e  i o n  may b e  neglec ted .  An impor tan t  r e s u l t  o f  t h e  c o l l i s i o n  f o r  t h e  

i o n  i s  i n  t h i s  ca se  t h e  change i n  i t s  v e l o c i t y .  The t r a n s v e r s e  d i sp lace -  

ment of  t h e  1-eading c e n t e r  of  t h e  i o n ,  according t o  (2.12), is given by 

t h e  r e l a t i o n  1 . m  

(2.65) 

The i n t e g r a l  on t h e  r i g h t  $:de o f  (2.65) g i v e s  t h e  impulse a c t i n g  on t h e  
, 

.. -03 

i o n  i n  t h e  process  of  c o l l i s i o n .  Comparison o f  r e l a t i o n s  (2.65) and 

(2.46) shows t h a t  t h e  displacements  of  t h e  i o n  and e l e c t r o n  a re  r e l a t e d  

A'ei.L 
by t h e  e q u a l i t y  

1 ARieL= - Z i  ' (2.66) 
I-- 

The r e l a t i o n  between t h e  displacements  (AX,,) and (AXe;) averaged 

and summated over  c o l l i s i o n s ,  may be determined i f  e q u a l i t y  (2-45)  is  

used: - ~ .- 

1 
. --L Zi , ( AXie) = - - { A X e i )  (ni 4 ne) 

- (2.67) 

( t h e  concen t r a t ion  ni i n  t h e  express ion  f o r  (AX,,) . _  should  b e  r ep laced  by 

ne) .  

The r e l a t i o n  between ((AXJZ) and is determined, i n  accord- 

ance wi th  (2.45) and (2,661, by t h e  r e l a t i o n  

(2.68) 
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Using formulas (2.11), (2.67), (2.68), (2.539, (2.62) and (2.569, 

i t  is easy  t o  f i n d  t h e  d i f f u s i o n  flow of i o n s  i n  the d i r e c t i o n  of  the 

concen t r a t ion  g rad ien t  caused by t h a 2 r  c o l l i s i o n s  with e l e c t r o n s  

As is apparent  from r e l a t i o n s  (2.64) and (2.69), t he  c o l l i s i o n s  between 

e l e c t r o n s  and i o n s  a t  

s t r e n g t h  of  t h e  e l e c t r i c  f i e l d ,  r e s u l t  i n  a d i p o l a r  d i f f u s i o n  flow, 

P >> e,,- as w e l l  =lee>> p , independent ly  of t h e  

9. Dif fus ion  caused by c o l l i s i o n s  i n  which f o r  both of t he  c o l l i d i n q  

p a r t i c l e / @ < - P _  . I n  c o l l i s i o n s  where l e k ( ( p  ~ f o r  bo th  p a r t i c l e s ,  t he  l a t t e r  

d r i f t  i n  a d i r e c t i o n  pe rpend icu la r  t o  the  magnetic f i e l d  and j o i n i n g  t h e i r  

l i n e s ,  The d r i f t  pa ths  of the l e a d i n g  c e n t e r s  are i l l u s t r a t e d  i n  F ig ,  40 

When p a r t i c l e s  with l i k e  charges  c o l l i d e ,  both of  t h e  l e a d i n g  c e n t e r s  d r i f t  

around each o t h e r  (Fig.  4a). This  means t h a t  t h e r e  is an average  d i sp lace -  

ment i n  the  d i r e c t i o n  of the  concen t r a t ion  g r a d i e n t .  P a r t i c l e s  of  oppos i t e  

s i g n  and equa l  charge d r i f t  along a s t r a i g h t  l i n e  i n  the d i r e c t i o n  perpen- 

d i c u l a r  t o  t h e  impact parameter (Fig.  4b ) ,  I n  such c o l l i s i o n s ,  the  aver-  

age displacement p a r a l l e l  t o  the concen t r a t ion  g rad ien t  is e q u a l  t o  aero.  

OH 

F i g *  4. 

The t r a n s v e r s e  displacement  of the l e a d i n g  c e n t e r s  of p a r t i c l e s  of 

t h e  tt&r, kind  i n  the  p rocess  o f  t h e i r  c o l l i s i o n  

by the  v e l o c i t y  of t h e i r  d r i f t :  
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Since  t h e  i n t e r a c t i o n  o f  t h e  p a r t i c l e s  is weak ( see  p. 31), t he  components 

o f  the v e c t o r  r d i r e c t e d  from the l e a d i n g  c e n t e r  of p a r t i c l e  *'fP t o  t h e  

l e a d i n g  c e n t e r  of  p a r t i c l e  osc9r are given by the  e q u a l i t i e s  
@B 

'as = Pa + s a  - skv yaj? = pu + SaU - ~j?u,  zaj? = vat. (2.71) 

Since  t h e  displacement  due t o  d r i f t  is  much l e s s  t han  t h e  impact  parameter  

s (<p ( s e e  (2.50)), i n  c a l c u l a t i n g  t h e  p a r t i c l e  displacement with the  a i d  

of (2.70) and (2,7l), one can make use of t h e  method of s u c c e s s i v e  approxi-  

mations.  To a second approximation ( i . e .  % c a r r y i n g  out  t he  c a l c u l a t i o n s  

t o  w i t h i n  the  terms p r o p o r t i o n a l  t o  (s/P)~, WE o b t a i n  the  fo l lowing  expres-  

s i o n  f o r  t h e  displacement of  p a r t i c l e  I'd': 
# 

When t h i s  express ion  is used, i t  is a lso  e a s y ,  as w a s  done f o r  o t h e r  

cases ,  t o  calculate/{AXas),  ((AXaD)2) and the  d i f f u s i o n  flow o f  t he  p a r t i c l e s  

The c o e f f i c i e n t  Lv i n  (2,73) is given by formula (2.58b). 

From express ion  (2.73) i t  is apparent  t h a t  t h e  d i f f u s i o n  flow caused 

by c o l l i s i o n s  of  l i k e  p a r t i c l e s  when g L< p as wel l  as i n  t h e  case  when 

>> p, i r a  ab sen t ;  t h e  flow due t o  t h e  average displacement i n  the  di-  

r e c t i o n  of t h e  concen t r a t ion  g r a d i e n t  o f f s e t s  the d i f f u s i o n  flow d e t e r -  

mined by t h e  mean s q u a r e  of the  displacement and d i r e c t e d  a g a i n s t  t he  

g rad ien t .  As i n  the  case where p,  the  change of t he  flow t o  zero  

t a k e s  p l a c e  on ly  when the  c a l c u l a t i o n  is c a r r i e d  out  t o  w i t h i n  the f i r s t  

d e r i v a t i v e  of the concent ra t ion .  The i n c l u s i o n  of h ighe r  d e r i v a t i v e s  and 

of t h e  inhomogeneous e l e c t r i c  f i e l d  ( s e e  pe 29) g ives  the  flow caused by 

c o l l i s i o n s  of l i k e  p a r t i c l e s  e 

For a plasma c o n s i s t i n g  of  e l e c t r o n s  and i o n s  of one k i n d ,  the r a t i o  
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o f  the  d i p o l a r  d i f f u s i o n  flow p r o p o r t i o n a l  t o  h i g h e r  d e r i v a t i v e s  of t h e  

concen t r a t ion  t o  the  flow p ropor t iona l  t o  t h e  concen t r a t ion  g rad ien t  

( t h e  flow caused by c o l l i s i o n s  of  e l e c t r o n s  wi th  i o n s ) ,  i s  given i n  

o r d e r  o f  magnitude by t h e  fo l lowing  e q u a l i t i e s  c39] 

Thus, the  c o n t r i b u t i o n  of c o l l i s i o n s  of l i k e  p a r t i c l e s  i n t o  the 

d i f f u s i o n  flow is n o n e s s e n t i a l ,  

10. Summary of  r e su l t s .  Table I1 g i v e s  a summary of  the formulas 

f o r  t he  t r a n s v e r s e  flow of charged p a r t i c l e s  i n  the d i r e c t i o n  of t he  con- 

c e n t r a t i o n  g r a d i e n t  caused by d i f f e r e n t  types  of c o l l i s i o n s  ( t h e  formulas 

are w r i t t e n  i n  the  v e c t o r  form). 

The expres s ions  f o r  t h e  flow a s s o c i a t e d  w i t h  c o l l i s i o n s  of  charged 

p a r t i c l e s  with one ano the r  have been given f o r  t h r e e  cases  c h a r a c t e r i z e d  

by d i f f e r e n t  r a t i o n s  of t he  Debye r a d i u s  (rd) t o  the  mean Larmor r a d i i  

o f  e l e c t r o n s  and i o n s  e e l &  c -  

When <,> r d  t he  diffUSion flow i s  determined by express ion  (2.35) , 
- 

In the  case  where Qi> r d >  e, , t h e  d i f f u s i o n  flow caused by the  col-  

l i s i o n s  of  electrons with ions i s  the  sum of the flow a s s o c i a t e d  with t h e  

c o l l i s i o n s  f o r  which p < <e ( t h i s  flow is  given by formula (2.35)) and of 

t h e  flow a s s o c i a t e d  with c o l l i s i o n s  wi th fp  >;e ( t h i s  flow is given by 

formulas (2.64) and ( 2 , 6 9 ) ) ,  

Whenjr,>'i;i the  d i f f u s i o n  flow of e l e c t r o n s  and i o n s  is obta ined  by ------- - - -  
summing up the flows f o r  the  t h r e e  ranges  of va lues  [ P ( p  < e,, Qe< p <. \&,-"p > @i)* 
given by formulas (2.351, (2.641, (2.6919 and (2073) .  

The formulas  shown i n  the t a b l e  thus enable  one t o  f i n d  the  d i f f u s i o n  

flow o f  charged p a r t i c l e s  a c r o s s  a magnetic f i e l d  i n  a plasma of v a r i o u s  
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Table I1 
Type o f  Flow 

Flow o f  charged p a r t i c l e s  
caused by t h e i r  c o l l i s i o n s  
w i  t h  ne u t  ral p a r  t i  c l e  s 

* 

Flows caused by c o l l i s i o n s  
o f  charged p a r t i c l e s  when 
\G>rd 

Flows caused by c o l l i s i o n s  
of e l e c t r o n s  wi th  i o n s  when 

i , < rd ( ( i  

Flows caused by c o l l i s i o n s  
. _-- o f  charged p a r t i c l e s  when 
1 e < r d ?  



compositions.  Using these  formulas ( s e e  a l s o  (2 ,26) )  it is  easy  t o  ob- 

t a i n  an express ion  f o r  t h e  d i p o l a r  flow of charged p a r t i c l e s  i n  a plasma 

composed of e l e c t r o n s ,  one k ind  of i o n s  and n e u t r a l  p a r t i c l e s  '(n,=ZnJ : 

. .  . ,  . . 
. .  . 

I '  .. , 
! , .  

- mi 1 % is equal  t o  t h e  smaller of t he  va lues  and s, 
rC 

We have in t roduced  he re  t h e  c o e f f i c i e n t  of d i p o l a r  d i f f u s i o n  D,, de- 

termined by t h e  e f f e c t i v e  f r equenc ie s  of c o l l i s i o n s  between e l e c t r o n s  

and atoms ( r e l a t i o n  (2.24)) and wi th  i o n s  (2.79). It has been assurned 

i n  the  c a l c u l a t i o n  t h a t  the  tempera tures  of the  e l e c t r o n s  and i o n s  a r e  

t h e  same ( s e e  p. 22).  

3 .  S o l u t i o n  o f  C e r t a i n  D i f f u s i o n  Problems 

Given below a r e  the  s o l u t i o n s  of  a s e r i e s  of boundary va lue  p r o b l e m  

f o r  the d i f f u s i o n  of  a plasma i n  a magnetic f i e l d ,  These s o l u t i o n s  a r e  

necessary  f o r  an a n a l y s i s  of t h e  experimental  r e s u l t s .  

1. Di f fus ion  equa t ions  and boundary c o n d i t i o n s .  I n  this chap te r  

we s h a l l  cons ide r  a plasma composed of e l e c t r o n s ,  s i n g l y  charged i o n s  and 

n e u t r a l  p a r t i c l e s ,  The e l e c t r o n  and i o n  tempera ture  w i l l  be assumed i n -  

v a r i a n t  i n  t h e  process  of d i f f u s i o n  ( cons t an t  i n  space and time). 

The change i n  the  plasrna c o n c e n t r a t i o n  (n  = n = ne) is determined by 

the  d i f f u s i o n  flow of charged p a r t i c l e s  ( = nu) and by t h e  p rocesses  of  

i o n i z a t i o n  and n e u t r a l i z a t i o n  i n  the  bulk:  
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It is  ev iden t  t h a t  because 

f lows of  t h e  e l e c t r o n s  and 

of t h e  q u a s i - n e u t r a l i t y  of t he  plasma, t h e  

i o n s  are r e l a t e d  as fo l lows:  

vre=vri. . 

The change i n  t h e  concen t r a t ion  of charged p a r t i c l e s  a s s o c i a t e d  

wi th  bu lk  p rocesses ,  & n / 6 t ,  m epresen ted  by the  sum 
I 1 6t dn =zin-an2, 

(3 .3)  

t h e  f i r s t  term of which g i v e s  t h e  rate of i o n i z a t i o n  and t h e  second,  

the r a t e  of the  e l ec t ron - ion  recornbination, The average frequency of  

i o n i z a t i o n  z, and recombination c o e f f i c i e n t  a r e  assumed t o  be independent  

of  t he  concen t r a t ion .  Formula ( 3 , 2 )  does not  allow f o r  t h e  change i n  

the plasma concen t r a t ion  due t o  the  cap tu re  o f  e l e c t r o n s  by n e u t r a l  atoms 

and subsequent i o n i c  recornbination. The re fo re ,  t h e  r e s u l t s  ob ta ined  by 

means of equa t ions  (3 .1)  and (3e3) are v a l i d  f o r  t h e  a n a l y s i s  o f  d i f f u -  

s i o n  i n  gases  having a s m a l l  e f f e c t i v e  c r o s s  s e c t i o n  of nega t ive  i o n s  

( f o r  i n s t a n c e  i n  "e l ec t ro -pos i t i ve"  i n e r t  gases )  
* 

We s h a l l  now app ly  the  d i f f u s i o n  equa t ion  (3 .1)  t o  t h r e e  s p e c i a l  

ca ses  . 
b o t t l e  with d i e l e c t r i c  w a l l s .  I n  the case where the  plasma is bounded 

by d i e l e c t r i c  w a l l s  t he  f lows of  e l e c t r o n s  and i o n s  should be  i d e n t i c a l  

i n  a l l  p a r t s  of t h e  Walls. It is  t h e r e f o r e  p o s s i b l e  t o  s e e k  a s o l u t i o n  

of  equat ion  (3.1) and ( 3 . 2 )  f o r  which the  f lows o f  e l e c t r o n s  and i o n s  i n  

t h e  d i r e c t i o n  of t he  concen t r a t ion  g rad ien t  a r e  the same over  the e n t i r e  
* 

Let us n o t e  t h a t  t h e  ex tens ion  of t h e  r e s u l t s  ob ta ined  i n  t h i s  s e c t i o n  
t o  t h e  case where t h e  process  of cap tu re  of e l e c t r o n s  i s  e s s e n t i a l  may be 
c a r r i e d  out  without  d i f f i c u l t y .  We do not  c i t e  t h e  corresponding formulas 
so as no t  t o  encumber the paper,  
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i . e ,  , t h e  d i f f u s i o n  is d i p o l a r  ( s e e  pe 7) e S u b s t i t u t i n g  expres s ions  

(1.23) and (1.24) de te rmining  the d i p o l a r  d i f f u s i o n  flow, i n t o  (3.11, 

we ge t  t h e  equa t ion  of  d i p o l a r  d i f f u s i o n  

(3.5) 

Here A,n=.!?!!+* 8 i t  is assumed t h a t  t h e  recombination i n  the  weakly 
aza ay2 

i o n i z e d  gas is not  impor tan t ,  

When a c u r r e n t  f lows through the  plasma, t he  equa t ion  o f  d i p o l a r  

d i f f u s i o n  (3.5) is a l s o  v a l i d  if the  d e n s i t y  of t h e  e l e c t r o n  and i o n  

flows can be r ep resen ted  as a sum of t h e  "flow1' components, whose d i m  

vergence i s  equal  t o  ze ro  and the "d i f fus ion"  components, r e l a t e d  by 

The d i s t r i b u t i o n  of  t h e  e l e c t r i c  f i e l d  i n  d i p o l a r  d i f f u s i o n  is given 

by r e l a t i o n s  (1.21) and (1.22) 

The cond i t ion  f o r  t h e  e x i s t e n c e  o f  a p o t e n t i a l  e l e c t r i c  f i e l d  

( r o t  E = 0 )  determined by t h e s e  r e l a t i o n s  is the  e q u a l i t y  

from which i t  fol lows t h a t  t he  d i p o l a r  d i f f u s i o n  i n  a magnetic f i e l d  can 

be p re sen t  o n l y  i f  t h e  space  d i s t r i b u t i o n  of  the  concen t r a t ion  is a pro- 

duct  of  t he  func t ions  dependent on the  l o n g i t u d i n a l  and t r a n s v e r s e  co- 

o r d i n a t e s  : 

We s h a l l  subsequent ly  cons ider  only such d i s t r i b u t i o n s ,  



I n  accordance with r e l a t i o n s  ( 3 . 6 ) *  t he  p o t e n t i a l  of t h e  d i e l e c t r i c  

w a l l s  o f  t he  b o t t l e  oon ta in ing  a plasma i n  a magnetic f i e l d  is  found t o  

be non-unifasm. I n  a s t r o n g  magnetic f i e l d ,  t h e  w a l l s  of  t he  b o t t l e  

pe rpend icu la r  to t h e  magnetic f i e l d  are charged n e g a t i v e l y  ( s i n c e  t h e  

d i f f u s i o n  c o e f f i c i e n t  of  e l e c t r o n s  a l o n g  the magnetic f i e l d  is  much 

g r e a t e r  than  the  d i f f u s i o n  c o e f f i c i e n t  of  i o n s )  while  t he  w a l l s  p a r a l l e l  

t o  t he  f i e l d  a r e  charged p o s i t i v e l y  ( t h e  c o e f f i c i e n t  of  t r a n s v e r s e  d i f -  

fu s ion  of  e l e c t r o n s  is much g r e a t e r  than  t h a t  of t h e  i o n s ) .  

b) D i f fus ion  of  charged p a r t i c l e s  of  a weakly i o n i z e d  gas  i n  a 

b o t t l e  w i th  conduct ing w a l l s .  I n  t h e  case where the w a l l s  of the b o t t l e  

are made of  a h igh-conduct iv i ty  material, the  p o t e n t i a l s  of  t h e  w a l l s  be- 

come equa l ,  and consequent ly ,  t h e  d i s t r i b u t i o n  o f  t he  e l e c t r i c  f i e l d  i n  

t h e  volume changes and t h e  d i p o l a r  mechanism of  d i f f u s i o n  is correspond- 

i n g l y  d i s tu rbed ,  Th i s  e f f e c t  w a s  f i r s t  no ted  by Simon L47, 481 who 

c a l l e d  i t  t h e  " s h o r t - c i r c u i t  e f f ec t " .  The d i f f u s i o n  of  a weakly i o n i % e d  

gas i n  a b o t t l e  wi th  conduct ing w a l l s  should  be  t r e a t e d  by means of  equa- 

t i o n s  ob ta ined  a f t e r  s u b s t i t u t i n g  i n t o  (3.1) and ( 3 . 2 )  the  r e l a t i o n  f o r  

t h e  flows (1.10) and (1.11): 

These equat ions  must be  supplemented with the cond i t ions  of equi -poten t i -  

a l i t y  of  the w a l l s  (i .e. ,  plasma boundar i e s ) .  

We s h a l l  subsequent ly  seek  t h e  s o l u t i o n s  of  equa t ions  (3.9) and 

(3.10) cons ide r ing  t h a t ,  as i n  t h e  case  of d i p o l a r  d i f f u s i o n ,  the  com- 

ponents of  t he  e l e c t r i c  f i e l d  a r e  p r o p o r t i o n a l  t o  the  components of t h e  

concen t r a t ion  g rad ien t :  

42 



If we assume t h a t  t h e  boundary 

t h e  e quip0 t e n t i a l i  t y  cond i t ion  

s i o n )  l e a d s  t o  the  i d e n t i t y  of 
* 

EZ and EA 0 

concen t r a t ion  of t h e  plasma is  c o n s t a n t ,  

( i n  c o n t r a s t  t o  t h e  case of d i p o l a r  d i f f u -  

the c o e f f i c i e n t s  i n  t h e  expres s ions  f o r  

These equat ions  w i l l  be used i n  the  a n a l y s i s  of d i f f u s i o n  i n  b o t t l e s  with 

m e t a l l i c  walls . 
c )  Transverse d i f f u s i o n  i n  a s t r o n g  magnetic f i e l d .  I n  cons ide r ing  

t r a n s v e r s e  d i f f u s i o n ,  w e  assume t h a t  the plasma concent r a t i o n  is independ- 

e n t  of  coord ina te  z d i r e c t e d  a l o n g  the  magnetic f i e l d .  I n  t h i s  ca se ,  t h e  

d i f f u s i o n  may be d i p o l a r  i ndependen t ly  of t h e  w a l l s  bounding the  plasma. 

Indeed,  accord ing  t o  e q u a l i t y  (1.22), i n  t r a n s v e r s e  d i p o l a r  d i f f u s i o n ,  

t he  p o t e n t i a l  a t  any p o i n t  is uniquely  determined by the  plasma concentra-  

t i one  Therefore  the  p o t e n t i a l  o f  t he  w a l l s  i s  the  same r e g a r d l e s s  of 

t h e i r  conduc t iv i ty .  S u b s t i t u t i n g  i n t o  (3.1) the  expres s ion  (2.78) f o r  t h e  

c o e f f i c i e n t  of  d i p o l a r  d i f f u s i o n  we o b t a i n  an equat ion  d e s c r i b i n g  the  

t r a n s v e r s e  d i f f u s i o n  i n  a s t r o n g  magnetic f i e l d :  

(3.14) 
- an - D:Lt'l [(I + yn) V ~ n l =  zin - una, 
at 

I n  equat ion  (3.14) IDi l  is the  c o e f f i c i e n t  of  d i p o l a r  d i f f u s i o n  due t o  

c o l l i s i o n s  of  charged p a r t i c l e s  w i th  n e u t r a l  ones ( the  " l i n e a r  part" of  

t h e  d i f f u s i o n  c o e f f i c i e n t )  

I .  

and !Dei =ynDEl determines the  c o e f f i c i e n t  of d i f f u s i o n  due t o  c o l l i s i o n s  

of e l e c t r o n s  with i o n s e  The c o e f f i c i e n t  y i n  accordance wi th  (2.79) 
* 

The v a r i a t i o n  of  t he  boundary concen t r a t ion  w i t h i n  c e r t a i n  limits is not  
e s s e n t i a l ,  s i n c e  the  p o t e n t i a l  o f  t h e  w a l l s  i n  accordance with (3.11) shows 
a l o g a r i t h m i c  dependence on the  boundary concen t r a t ion ,  
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has  a l o g a r i t h m i c  dependence on the  concen t r a t ion .  This  weak dependence 

of y on n w i l l  h ence fo r th  not  be cons idered ,  

I n  o r d e r  t o  make the  s o l u t i o n  of t he  equat ion  obta ined  d e f i n i t e ,  i t  

is necessary  t o  e s t a b l i s h  the  boundary values of the  plasma concen t r a t ion ,  

The concen t r a t ion  va lues  i n  the v i c i n i t y  of t h e  abso rb ing  w a l l s  i n  the  

absence of  a magnetic f i e l d  have been determined i n  many s t u d i e s  (6ee ,  f o r  

e x m p l e ,  C491). I n  r e f .  C501, an  a n a l y s i s  is given f o r  c e r t a i n  cases  o f  

the i n f l u e n c e  of t he  t r a n s v e r s e  magnetic f i e l d  on t h e  boundary cond i t ions ,  

Vie s h a l l  no t  g ive  an  account  of t he  r e s u l t s  of t h e s e  s t u d i e s ,  It  is su f -  

f i c i e n t  t o  i n d i c a t e  t h a t  i n  most ca ses  where a d i f f u s i o n  t rea tment  w a ~  

a p p l i c a b l e  ( s e e  Table I ) ,  the  c o n c a t r a t i o n  of t he  plasma i n  the  v i c i n i t y  

of  the absorb ing  wall w a s  found t o  be s u b s t a n t i a l l y  smaller than  the  con- 

c e n t r a t i o n  i n  the c e n t r a l  region.  Therefore ,  i n  s o l v i n g  the  d i f f u s i o n  

equat ions  (3.5), (3.12), (3.13) and (Sjd14), t h e  concen t r a t ion  a t  the 

boundary ( i n  the  v i c i n i t y  o f  the w a l l s  of  the b o t t l e )  w i l l  be assuned t o  

be zero :  

2 ,  Steady  t td i f fus ion l t  cond i t ions  of  a plasma, As w e  know, the  

s t eady  d i f f u s i o n s  of  a weakly i o n i z e d  gas is achieved i n  a "long" posi-  

t i v e  d ischarge  column i n  which t h e  magnetic f i e l d  i s  d i r e c t e d  a l o n g  t h e  

axis, Equat ion (3.5) f o r  t h i s  case assumes the  form 

The d i s t r i b u t i o n  of t h e  concen t r a t ions  iis given  by t he  non-negative so- 

l u t i o n  of  equat ion  (3.17) which becoaes zero a t  the  boundar ies ,  (Such 

a d i s t r i b u t i o n  is c a l l e d  a f t d i f f u s i o n r t  d i s t r i b u t i o n )  The c h a r a c t e r i s t i c  

re1 at i o n  
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should  then  be f u l f i l l e d ,  which r e p r e s e n t s  t h e  equ i l ib r ium c o n d i t i o n ,  

i . e . ,  t h e  e q u a l i t y  of t h e  r a t e s  o f  formation and "removal" of t h e  

charged p a r t i c l e s .  The q u a n t i t y  is o f  t h e  o r d e r  of t h e  t r a n s v e r s e  

dimensions o f  t he  plasma c o n t a i n e r  and i s  c a l l e d  t h e  " d i f f u s i o n  length ."  

When t h e  plasma b o t t l e  is  c y l i n d r i c a l  i n  shape ,  t h e  d i f f u s i o n  d i s t r i b u -  

t i o n  and  t h e  d i f f u s i o n  l e n g t h  a r e  given by 

where Jo i s  a Besse l  f u n c t i o n  a n d  a is t h e  r a d i u s  o f  t h e  b o t t l e .  

The q u a n t i t i e s  Z1 and U a I  are uniquely  r e l a t e d  t o  t h e  e l e c t r o n  

temperature.  Therefore  r e l a t i o n  (3.18) can b e  used f o r  i ts  c a l c u l a t i o n ,  

S i n c e ,  f u r t h e r ,  t h e  e l e c t r o n  tempera ture  i n  t h e  p o s i t i v e  d i scha rge  co l -  

umn is determined by t h e  l o n g i t u d i n a l  e l e c t r i c  f i e l d ,  t h e  magnitude o f  

t h i s  f i e l d  can be c a l c u l a t e d  as w e l l  as t h e  s t e a d y  plasma c o n c e n t r a t i ~ n ,  

which is i n v e r s e l y  proport ional .  t o  t h e  e l e c t r i c  f i e l d  s t r e n g t h .  

As t h e  magnet ic  f i e l d  i n c r e a s e s  as a r e s u l t  o f  t h e  dec rease  i n  t h e  

d i f f u s i o n  c o e f f i c i e n t ,  t h e  necessa ry  e l e c t r o n  tempera ture  and long i -  

t u d i n a l  e l e c t r i c  f i e l d  s t r e n g t h  shou ld  dec rease  ( s e e  Fig.  14). The 

plasma concen t r a t ion  shou ld  cor respondingly  i n c r e a s e  when t h e  d i scha rge  

c u r r e n t  is f i x e d .  

Thus, b y  determining  expe r imen ta l ly  t h e  change of t h e  e l e c t r o n  

tempera ture  wi th  t h e  magnetic f i e l d  and t h e  change i n  t h e  e l e c t r i c  f i e l d  

s t r e n g t h  o r  plasma concen t r a t ion  i n  t h e  p o s i t i v e  d i s c h a r g e  column, one 

can e s t i m a t e  the  i n f l u e n c e  of t h e  magnetic f i e l d  on t h e  c o e f f i c i e n t  o f  

t r a n s v e r s e  d i f f u s i o n .  It  should  be no ted  t h a t  T e ,  EZ9 no change r e l a -  

t i v e l y  s lowly  w i t h  a change i n  D a L  . A two t o  t h r e e - f o l d  change i n  

causes  a lO-3O% change i n  Ez9 no. 
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3. D i f f u s i o n  o f  a s t a t i o n a r y  charge from t h e  plasma. Under con- 

d i t i o n s  when t h e  r e g i o n  o f  t h e  a c t i v e  d i s c h a r g e  occupies  a p a r t  o f  t h e  

d i scha rge  b o t t l e ,  t h e r e  occur s  a d i f f u s i o n  o f  t h e  charged p a r t i c l e s  from 

t h i s  region.  

t h e r e  can be e s t a b l i s h e d  a low e l e c t r o n  temperature  a t  which t h e r e  is  

no g a s  i o n i z a t i o n .  We s h a l l  c o n s i d e r  below t h e  d i f f u s i o n  o f  charged 

p a r t i c l e s  from a s t a t i o n a r y  d i s c h a r g e  i n t o  a r e g i o n  where there  i s  no 

i o n i z a t i o n ,  u s i n g  s e v e r a l  c a s e s .  

A t  some d i s t a n c e  from t h e  a c t i v e  r eg ion  o f  t h e  d i s c h a r g e ,  

a )  Weakly i o n i z e d  g a s ;  d i e l e c t r i c  b o t t l e ;  boundary o f  t h e  a c t i v e  

r e g i o n  p a r a l l e l  t o  t h e  magnetic f i e l d  (Fig. 5 ) .  The d i f f u s i o n  equa t ion  

a (3.5) f o r  t h e  c a s e  under c o n s i d e r a t i o n  (,=O, zi=0) assumes t h e  form 
a2n 

Dall= + & L A J . ~  0. (3 .20)  

We s h a l l  c i t e  t h e  s o l u t i o n  f o r  t h i s  equa t ion  of type  (3 .8) ;  t h i s  

s o l u t i o n  becomes z e r o  a t  t h e  boundaries  and rises monotonical ly  from t h e  

boundaries  t o  t h e  c e n t e r  o f  t h e  volume. When t h e  boundary of t h e  d i f f u -  

s i o n  r eg ion  and t h e  w a l l s  of t h e  b o t t l e  a r e  p l a n a r ,  t h i s  s o l u t i o n  is 

given by t h e  e q u a l i t y  

, t h e  hype rbo l i c  s i n e  can be r e p l a c e d  by t h e  ex- 

ponent : 

The solut,on o b t a i n e d  g*ves t h e  t r a n s v e r s e  d e c r e a s e  ,A c o n c e n t r a t  

(3 .22 )  

on i f  

t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  a t  t h e  boundary o f  t h e  a c t i v e  d i s c h a r g e  

region i s  s i n u s o i d a l  (Sin?) 

d i s t r i b u t i o n  c l o s e  t o  (3.22) is e s t a b l i s h e d  a t  a s u f f i c i e n t l y  great 

It can b e  assumed t h a t  a c o n c e n t r a t i o n  
- _  
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d i s t a n c e  from t h e  boundary o f  t h e  a c t i v e  r e g i o n  (where ~1 1 f o r  

o t h e r  boundary d i s t r i b u t i o n s  as w e l l .  
SL 

, E" . 

Fig. 5. Diagram of  t he  d ischarge  
volume. 

I. Act ive  d ischarge  r eg ion  
11. Di f fus ion  region.  

The s o l u t i o n  o f  equat ion  (3.20) f o r  a c y l i n d r i c a l  shape  o f  t h e  

boundary of t h e  a c t i v e  d i scha rge  and a c y l i n d r i c a l  shape o f  t h e  b o t t l e  

i s  found i n  s imi la r  f a sh ion .  When l(a~--r) > SLY @ - %) sL t h i s  s o l u t i o n  

has  t h e  form 
r -- 

(3.24) 

Thus, at a s u f f i c i e n t  d i s t a n c e  from t h e  boundary o f  t he  "ac t ive"  

d i scha rge  r e g i o n  and  from t h e  w a l l s  o f  t h e  c o n t a i n e r ,  t h e  plasma con- 

c e n t r a t i o n  d rops  exponen t i a l ly .  The c h a r a c t e r i s t i c  l eng th  o f  t h e  "con- 

c e n t r a t i o n "  SA ( t h e  l e n g t h  a t  which t h e  concen t r a t ion  dec reases  e t imes )  

i s  of t h e  o r d e r  of magnitude of  the  d i s t a n c e  t o  which t h e  charged p a r t i -  

c l e s  a r e  a b l e  t o  d i f f u s e  a c r o s s  t h e  magnetic f i e l d  d u r i n g  t h e i r  l i f e t i m e .  

Indeed,  r e l a t i o n  ( 3 . 2 3 )  f o r  SL may b e  r e w r i t t e n  as fol lows:  

(3.25) da 
s L = v G ,  q =  - - - - - e  ~zD,ll 

The l i f e t i m e  of  t h e  charged p a r t i c l e s  i n  t h e  c a s e  under consider-  

a t i o n  i s  equal  t o  t h e  time of  t h e i r  l o n g i t u d i n a l  d i f f u s i o n .  

b)  Weakly i o n i z e d  gas; m e t a l l i c  b o t t l e ;  boundary of t h e  plasma - 
p a r a l l e l  t o  t h e  magnet ic  f i e l d ,  A s  a l r e a d y  i n d i c a t e d ,  t h e  d i p o l a r  mech- 

anism i n  a magnetic f i e l d  i s  d i s t u r b e d  i n  a b o t t l e  wi th  conduct ing w a l l s .  



The d i f f u s i o n  o f  t h e  s t a t i o n a r y  charge from t h e  plasma was s t u d i e d  f o r  

t h i s  c a s e  i n  t h e  work o f  Simon c47, 481 by means o f  equa t ions  (3.9) and 

(3.10). I n  h i s  t r ea tmen t ,  Simon n e g l e c t e d  i n  these e q u a t i o n s  t h e  terms 

c o n t a i n i n g  t h e  t r a n s v e r s e  e l e c t r i c  f i e l d  E t  . As was i n d i c a t e d  i n  t h e  
d 

work of  Zharinov a n d  Tonks [51, 521 such an omission i s  no t  j u s t i f i e d .  

I t  i s  r e a d i l y  seen  t h a t  t h e  t e rms  con ta in ing  EL i n  equa t ions  (3.9) and 

(3.10) a r e  of  t h e  same o r d e r  as t h e  terms d e s c r i b i n g  t h e  t r a n s v e r s e  d i f -  

fus ion .  I n  r e f e r e n c e  C523 a c o r r e c t  a n a l y s i s  was made o f  t h e  d i f f u s i o n  

from t h e  plasma o f  a s t a t i o n a r y  d i scha rge  i n  a magnetic f i e l d  ( f o r  t h e  

p l a n a r  c a s e )  f o r  v a r i o u s  boundary c o n d i t i o n s  corresponding t o  d i e l e c t r i c  

and m e t a l l i c  c o n t a i n e r  w a l l s ,  However, c o n c r e t e  r e s u l t s  were ob ta ined  

i n  t h i s  s t u d y  o n l y  f o r  a d e f i n i t e  r e l a t i o n  between t h e  l o n g i t u d i n a l  and  

t r a n s v e r s e  dimensions o f  t h e  b o t t l e .  

I t  i s  easy t o  t r e a t  t h e  d i f f u s i o n  i n  a b o t t l e  w i t h  m e t a l l i c  w a l l s  

by means o f  equa t ions  (3.12) and (3.13). For t h e  d i f f u s i o n  o f  a sta- 

t i o n a r y  d i scha rge  from t h e  plasma (% -0, zs=O)  

r e p  res en t ed as 

a t h e s e  e q u a t i o n s  may b e  

(3.26) 

Two groups o f  s o l u t i o n  f o r  e q u a t i o n s  (3.26) a r e  p o s s i b l e ,  cor re-  . 

sponding t o  t h e  p o s i t i v e  and  n e g a t i v e  p o t e n t i a l  o f  t h e  m e t a l l i c  walls. 

I n  most c a s e s ,  t h e  w a l l s  shou ld  a c q u i r e  a n e g a t i v e  charge s i n c e  t h e  

e l e c t r o n s  r each  them f a s t e r  t h a n  t h e  i o n s .  Equations (3.26) are then 

reduced t o  t h e  fol lowing e q u a l i t y  

E = - - .  T, 
e (3.28) 

According t o  (3.11) t h e  e l e c t r i c  f i e l d  s t r e n g t h  is  given by t h e  r e l a t i o n  
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It i s  easy t o  s e e  (see (1.10) and (1.11)) t h a t  t h e  f i e l d  d i s t r i b u t i o n  

given by these  r e l a t i o n s  l e a d s  t o  t h e  absence of e l e c t r o n  flow i n  t h e  

whole r eg ion  o f  d i f fus ion .  The e l e c t r o n s  a r e  "locked" i n  t h i s  reg ion  

owing t o  t h e  nega t ive  p o t e n t i a l  o f  t h e  w a l l s . *  The d i s t r i b u t i o n  of t h e  

concen t r a t ion  of  charged p a r t i c l e s  is given by equat ion  (3.27) which 

desc r ibes  t h e  d i f f u s i o n  o f  i ons .  T h i s  equat ion i s  the  same as equa t ion  

( 3 . 2 0 ) .  Therefore  t h e  formulas (3 ,21)-(3.25)  ob ta ined  above may be ap- 

p l i e d  t o  t h e  c a s e  under cons ide ra t ion  i f  t h e i r  c o e f f i c i e n t s  o f  d i p o l a r  

d i f f u s i o n  a re  r e p l a c e d  by t h e  d i f f u s i o n  c o e f f i c i e n t s  of t h e  ions .  I n  

p a r t i c u l a r ,  t h e  c h a r a c t e r i s t i c  l e n g t h  of t h e  concen t r a t ion  drop as- 

s o c i a t e d  w i t h  d i f f u s i o n  i n  a m e t a l l i c  b o t t l e  i s  given by t h e  e q u a l i t y  

e )  Weakly i o n i z e d  gas ;  d i e l e c t r i c  b o t t l e ;  boundary of t he  a c t i v e  

d ischarge  r eg ion  pe rpend icu la r  t o  t h e  magnetic f i e l d  (Fig.  6 ) .  The so- 

l u t i o n  o f  equat ion  (3.20) f o r  c y l i n d r i c a l l y  symmetrical boundar ies  i n  

which we a r e  i n t e r e s t e d  is  

o r  when 

*Let  us no te  t h a t  t h e  t o t a l  number of  e l e c t r o n s  and  t h e  t o t a l  number 
of  i o n s  which then reach  a n  i s o l a t e d  m e t a l l i c  w a l l  should b e  t h e  same 
under s t e a d y  cond i t ions .  However, t h e  e l e c t r o n s  shou ld  reach t h e  w a l l  
o u t s i d e  of t h e  r eg ion  under  cons ide ra t ion ,  i . e . ,  i n  t h e  r eg ion  o f  t he  
a c t i v e  d i scha rge  o r  a t  t h e  boundary of t h e  d i f f u s i o n  region.  
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The c h a r a c t e r i s t i c  l e n g t h  S I  is determined i n  t h i s  ca se  by t h e  d i s -  

d l  

t ance  t o  which t h e  charged p a r t i c l e s  a r e  a b l e  t o  d i f f u s e  a l o n g  t h e  

I. Act ive  d i scha rge  r eg ions ;  

magnetic f i e l d  dur ing  t h e i r  l i f e t i m e  (equal  t o  t h e  t i m e  o f  t r a n s v e r s e  

d i f f u s i o n )  a 

By measuring t h e  v a l u e  o f  S , i t  is of  course p o s s i b l e  t o  d e t e r -  Ir 
mine t h e  r e l a t i a n  Dai /Da, i  e 

f i e l d ,  t h e  l e n g t h  S may be much g r e a t e r  t han  t h e  t r a n s v e r s e  dimen- 

s i o n s  of t h e  b o t t l e ,  

It should b e  noted  t h a t  i n  a s t r o n g  magnetic ___ _-- 

Reference [531 d i s c u s s e s  t h e  s o l u t i o n  o f  t h e  d i f f u s i o n  equat ion  

(3.5) f o r  t h e  more complex c a s e  where the  plasma concen t r a t ion  a t  t h e  

boundary o f  t h e  a c t i v e  r eg ion  p e r i o d i c a l l y  changes wi th  time. 

I n  t h i s  c a s e  as w e l l ,  t h e  decrease  i n  t h e  concen t r a t ion  averaged ove r  

t ime and t h e  change i n  t h e  o s c i l l a t i o n  phase o f  t h e  concen t r a t ion  a l o n g  

t h e  l e n g t h  of t h e  b o t t l e  a r e  determined by t h e  r a t i o  o f  t h e  d i f f u s i o n  

d )  Transverse  d i f f u s i o n  i n  a s t r o n g l y  i o n i z e d  gas a t  a l a r g e  

magnetic f i e l d .  Under cond i t ions  where the main i n f l u e n c e  on t h e  d i f -  

fus ion  i s  exe r t ed  by t h e  c o l l i s i o n s  o f  charged p a r t i c l e s  w i t h  one m o t h e r ,  

*After  t h e  p re sen t  survey  w a s  w r i t t e n ,  a paper  was publ i shed  by Golubev 
and Granovski i  C1181 which descr ibed  an experimental  s tudy  o f  d i f f u s i o n  
i n  a c y l i n d r i c a l  b o t t l e  f o r  a cons t an t  and a p e r i o d i c a l l y  changing con- 
c e n t r a t i o n  a t  t h e  boundary o f  t h e  d i f f u s i o n  reg ion .  I n  t h i s  s t u d y ,  t h e  
d i s t r i b u t i o n  of  t h e  concen t r a t ion  ove r  t h e  l e n g t h  o f  t he  b o t t l e  was 
determined by sounding. Data were ob ta ined  on t h e  d i f f u s i o n  o f  charged 
plasma p a r t i c l e s  i n  helium and argon a t  magnetic f i e l d s  up to  1500 O e  
The d a t a  obta ined  confirmed t h e  f e a s i b i l i t y  o f  using t h e  method proposed 
by t h e  a u t h o r s  i n  r e f e r e n c e  C531 f o r  t h e  s tudy  o f  d i f f u s i o n .  



t he  t r a n s v e r s e  d i f f u s i o n  from a s t a t i o n a r y  plasma is  descr ibed  by equa- 

t i o n  (3.14) i n  which i t  is  necessary  t o  p u t , $  == 0, zt= 0, yn >> 1: 
* '1 

Y E ~ A ~  (n2) - an2 = 0, ( 3 e  34) 

The s o l u t i o n  o f  t h i s  equat ion  f o r  a c y l i n d r i c a l  shape  of t h e  boundaries  

(which become zero when r = a2) may be w r i t t e n  as 

I n  t h e  case  where l r > > s l ,  a,-r >> SA ( i . e o ,  a t  a s u f f i c i e n t  d i s t a n c e  from 

t h e  ax is  and walls of t h e  b o t t l e ) ,  formula ( 3 0 3 5 )  may be  s i m p l i f i e d  by 

us ing  asymptot ic  r e p r e s e n t a t i o n s  o f  t h e  Bessel func t ions  
t 
-c 

The c h a r a c t e r i s t i c  l eng th  SL is  t h e  e f f e c t i v e  l eng th  of t r a n s v e r s e  

d i f f u s i o n  du r ing  t h e  flrecombination" l i f e t i m e  of t h e  p a r t i c l e s .  

4. Dif fus ion  i n  a decaying plasma. I n  t h i s  s e c t i o n  we s h a l l  con- 

s i d e r  t h e  plasma decay occur r ing  a f t e r  t h e  i o n i z a t i o n  sources  have been 

tu rned  o f f  ( f o r  i n s t a n c e  a t  t h e  end o f  a pulsed  d ischarge)  i n  a cy l in-  

d r i c a l  b o t t l e  whose axis is p a r a l l e l  t o  t h e  magnetic f i e l d .  The d i s -  

cuss ion  concerns a l a t e r  s t a g e  o f  t h e  decay, when a cons tan t  tempera- 

t u r e  of  t h e  charged p a r t i c l e s  is  being e s t a b l i s h e d  t h a t  i s  c l o s e  t o  t h e  

temperature  of  t h e  sur rounding  medium, and t h e  g a s  i o n i z a t i o n  i s  absen t  

(Zi  = 0). 

a> Weakly i o n i z e d  gas; d i e l e c t r i c  b o t t l e .  The equat ion  f o r  t he  

change i n  concen t r a t ion  t ak ing  p l a c e  d u r i n g  the  plasma decay is  ob ta ined  

A s o l u t i o n  f o r  t h i s  equat ion  o f  type (3.8) which becomes zero  at t h e  

w a l l s  of t h e  c y l i n d r i c a l  b o t t l e  (when z = 0,  d ,  when r = a) may be  



r e p r e s e n t e d  i n  t h e  form 

(3.39) 

Here xk are t h e  r o o t s  o f  t h e  Bessel  f u n c t i o n  J , (?ck)  =o,, and k i n -  
_1 

c r e a s e s  w i t h  t h e  r o o t .  

The c o e f f i c i e n t s  Ak a r e  determined by t h e  i n i t i a l  t r a n s v e r s e  d i s -  

t r i b u t i o n  o f  c o n c e n t r a t i o n s  ( t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  is assumed 

t o  be s i n u s o i d a l ) .  If t h e  i n i t i a l  d i s t r i b u t i o n  i s  o f  t h e  " d i f f u s i o n "  

type  (3.191, only t h e  f i r s t  term remains i n  t h e  sum (3.39) 

The space  d i s t r i b u t i o n  does no t  change with t i m e ,  and. t h e  plasma decay 

obeys t h e  e x p o n e n t i a l  l a w .  The decay time c o n s t a n t  ?! is determined by 

t h e  d i f f u s i o n  c o e f f i c i e n t s ,  For a n  a r b i t r a r y  i n i t i a l  t r a n s v e r s e  d i s t r i -  

bu t ion  o f  t h e  c o n c e n t r a t i o n ,  t h e  d i f f u s i o n  d i s t r i b u t i o n  (3.40) w i l l  be 

e s t a b l i s h e d  i n  a p e r i o d  of time o f  t h e  o r d e r  of s e v e r a l  

s t a r t  o f  t h i s  decay, s i n c e  t h e  d e c r e a s e  i n  time of t h e  terms o f  s e r i e s  

?? a f t e r  t h e  

(3.391, which correspond t o  h i g h e r  t y p e s  o f  d i s t r i b u t i o n s  ( te rms  wi th  

k > 0 ) ,  takes p l a c e  f a s t e r  t han  t h a t  of  t h e  b a s i c  type .  

b )  Weakly i o n i z e d  gas ;  m e t a l l i c  b o t t l e .  The plasma decay i n  a 

m e t a l l i c  b o t t l e  is d e s c r i b e d  by equa t ions  ob ta ined  from (3.12) and 

A s o l u t i o n  o f  t h i s  equa t ion  i n  t h e  form of a d i f f u s i o n  d i s t r i b u t i o n  

(3.40) and can b e  r e a d i l y  found [54]. Such a d i s t r i b u t i o n  is e s t a b l i s h e d  

o v e r  a s u f f i c i e n t l y  l o n g  t ime a f t e r  t h e  start o f  t h e  plasma decay, 



S u b s t i t u t i n g  (3.40) i n t o  (3.42) and so lv ing  t h e  system of equat ions  

with r e s p e c t  t o  and 5 ( t h e  q u a n t i t y  5 accord ing  t o  (3.111, determines 

t h e  p o t e n t i a l  o f  t h e  m e t a l l i c  w a l l s ) ,  we f i n d  
~i +;-- ' l'e T e  

ri 
T '  I++ ri 

r= 
i (3.43) 

(3.44) 

The q u a n t i t y  re9 ''$i des igna te s  t h e  e f f e c t i v e  time o f  t h e  " f r ee , "  

&.e., unchanged by t h e  space  charge)  d i f f u s i o n  of  e l e c t r o n s  and i o n s :  

(3.45) 

The rate of t h e  f r e e  d i f f u s i o n  o f  each type  i s  equal ,  acco rd ing  t o  

(3.451, t o  t h e  sum of t h e  r a t e s  of t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i f -  

fus ion ,  Accordingly, the e f f e c t i v e  d i f f u s i o n  time ( 2- ??. ) f o r  each e '  1 

type o f  p a r t i c l e  i s  found t o  be f a s t e r  than e i t h e r  of  t h e s e  processes .  

The plasma decay c o n s t a n t  is i n  t u r n  determined by t h e  g r e a t e r  o f  t h e  

q u a n t i t i e s  Te and pi (when Te*Ti ). 

I t  should be noted  t h a t  i n  t h e  g e n e r a l  case ,  t h e  d i s t r i b u t i o n s  of  

t h e  e l e c t r o n  and i o n  flows on t h e  w a l l s  a r e  not t h e  same. Thus, when 

DIlea >>at, -!$--< La Ail 
~2 DLe D Z' D . 

( t h i s  c a s e  occur s  i n  a s t r o n g  magnetic f i e l d  when 

t h e  e l e c t r o n s  d i f f u s e  mainly a long  t h e  magnetic f i e l d  toward 

t h e  end walls and t h e  i o n s  d i f f u s e  a c r o s s  t h e  f i e l d  toward t h e  l a t e r a l  

s u r f a c e  o f  t h e  b o t t l e ,  The c u r r e n t s  t hus  produced connect a c r o s s  t h e  

m e t a l l i c  walls. 

We have cons idered  t h e  d i f f u s i o n  decay o f  a plasma bounded on a l l  

s i d e s .  I n  t h e  c a s e  where only  a p a r t  o f  t h e  s u r f a c e  bounding the  plasma 

is m e t a l l i c  ( t h e  ends o r  t h e  l a t e r a l ' s u r f a c e s ,  f o r  example), a s o l u t i o n  

o f  t h e  decay equat ion  becomes d i f f i c u l t .  

Transverse  d i f f u s i o n  i n  a s t r o n g l y  i o n i z e d  gas. Plasma decay 
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occur r ing  as  a r e s u l t  o f  d i f f u s i o n  a c r o s s  a s t r o n g  magnetic f i e l d  and 

recombination i s  desc r ibed  by an equat ion  which can be  ob ta ined  from 

For an apprec i ab le  degree of  i o n i z a t i o n ,  when t h e  d i f f u s i o n  caused by 

t h e  e l ec t ron - ion  c o l l i s i o n s  and t h e  recombinat ions a r e  e s s e n t i a l ,  t h e  

decay equa t ion  (3.461 becomes nonl inear .  It  then becomes convenient t o  

c h a r a c t e r i z e  t h e  plasma decay by t h e  time cons tan t  def ined  by t h e  average 

c r o s s - s e c t i o n a l  concen t r a t ion :  

(3.47) 

(3.48) 

L e t  u s  no te  t h a t  i n  t h e  presence  of  non l inea r  p rocesses ,  is independent 

o f  t h e  concen t r a t ion ,  i . e . ,  t h e  plasma decay is not  exponent ia l .  

Equation (3.46) cannot b e  so lved  i n  t h e  g e n e r a l  form. Reference 

E541 g i v e s  an approximate s o l u t i o n  o f  t h e  equat ion  f o r  a s e r i e s  of  l i m i t -  

i n g  cases  which appa ren t ly  desc r ibes  a l a t e r  s t a g e  o f  plasma decay. When 

equat ion (3.46) was so lved  t o  a f i r s t  approximation,  i t  w a s  assumed t h a t  

t h e  r i g h t  s i d e  of t h e  equat ion  was independent of  t h e  coord ina te s .  The 

method of  s u c c e s s i v e  approximations was used t o  o b t a i n  a more a c c u r a t e  

s o l u t i o n  a 

Fig. 7 shows t h e  r a d i a l  d i s t r i b u t i o n  o f  concen t r a t ions  ob ta ined  from 

t h e  approximate s o l u t i o n  f o r  s e v e r a l  ca ses  

Curve 1 ob ta ined  f o r  cond i t ions  where t h e  non l inea r  processes  are 

n o n e s s e n t i a l  Iyrzc?, an((6&/U2), - prov ides  a p i c t u r e  o f  t h e  convergence of  t h e  

method employed, The concen t r a t ion  d i s t r i b u t i o n ,  determined t o  a second 

approximation, d i f f e r s  on ly  s l i g h t l y  from t h e  d i f f u s i o n  (3.191, which is 

an exac t  s o l u t i o n  o f  t h e  equat ion  (broken c u r v e ) .  
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c u r v  e 2 r e p r e s e n t s  t h e  

Fig.  '7. Radia l  d i s t r i b u t i o n  o f  charged 
plasma p a r  t i  c l  es  . 

d i s t r i b u t i o n  o f  concen t r a t ions  f o r  t h e  c a s e  

where t h e  main p r o c e s s  of e l e c t r o n  removal i s  t h e  d i f f u s i o n  caused by 

e l ec t ron - ion  c o l l i s i o n s  (Yn >> 1, a < yf%;/a2) . 
then  determined by t h e  e q u a l i t y  

The plasma decay cons t an t  is - _ _ -  

(3.49) 

Under c o n d i t i o n s  where t h e  e s s e n t i a l  d i f f u s i o n  i s  due t o  e l ec t ron - ion  

and electron-atom c o l l i s i o n s ,  and  t h e  recombinat ion may be d i s r e g a r d e d ,  

t h e  concen t r a t ion  d i s t r i b u t i o n  i n  t h e  p rocess  o f  plasma decay changes 

from curve  2 t o  curve  1. The r e c i p r o c a l  of  t h e  decay cons tan t  can t hen  

be  approximated by t h e  sum o f  t h e  v a l u e s  p e r t a i n i n g  t o  t h e  l i m i t i n g  

cases  : 

(3.50) 

( t h e  accuracy of t h i s  approximation i s  not  worse than 20%). 

A t  a h igh  degree o f  i o n i z a t i o n ,  when t h e  d i f f u s i o n  due t o  e l e c t r o n -  

and t h e  main p rocesses  o f  e l e c t r o n  i o n  c o l l i s i o n  is n o n e s s e n t i a l  ( y n >  1) 

removal a r e  t h e  l i n e a r  d i f f u s i o n  and t h e  recombinat ion,  a r a d i a l  distri- 

b u t i o n  i s  e s t a b l i s h e d  t h a t  i s  independent  o f  t ime. A s  can be  seen  from 

t h e  graph (curve  3 ) ,  even when t h e  i n f l u e n c e  of  recombination is 
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aaz - 
s i g n i f i c a n t  (cL=4v5)v t h e  d i s t r i b u t i o n  i s  not  very  d i f f e r e n t  from t h e  

I- - -  - 

n o n l i n e a r  d i f f u s i o n  d i s t r i b u t i o n  (curve 2 ) .  The plasma decay cons t an t  
uaz at ' -<5  can be approximated t o  w i t h i n  10% by t h e  formula 

1 3,8 - @"gL _ _ _  
(3.51) -- -- 

T(2) D e i  + 1v2ai. 

I n  t h e  c a s e  where l i n e a r  d i f f u s i o n  and recombination are e s s e n t i a l ,  t h e  

method desc r ibed  does not  permit one t o  f i n d  a s o l u t i o n  f o r  equat ion  

(3.46). Reference c553 o f f e r s  an approximate t rea tment  o f  t h i s  case ,  

t a k i n g  i n t o  account t h e  l o n g i t u d i n a l  d i f f u s i o n  based on the  decay equa- 

t i o n  averaged over  t h e  volume. I n  averaging t h e  equat ion  i t  was assumed 

t h a t  t h e  space  d i s t r i b u t i o n  o f  t h e  concen t r a t ion  i s  d i f f u s i o n a l  (formula 

(3.40) ,  curve 1 i n  F ig .  7). Therefore ,  t h e  s o l u t i o n  i s  v a l i d  when t h e  

r o l e  of  recombinat ion i s  r e l a t i v e l y  minor. The plasma decay cons t an t  ob- 

t a i n e d  from such  a s o l u t i o n  f o r  cond i t ions  where t h e  l o n g i t u d i n a l  d i f f u -  

s i o n  i s  n o n e s s e n t i a l  i s  found t o  be e q u a l  t o  

I n  t h e  g e n e r a l  c a s e  when all t h r e e  of t h e  processes  o f  e l e c t r o n  r e -  

moval under cons ide ra t ion  ( l i n e a r  and non l inea r  d i f f u s i o n  recornbination) 

are e s s e n t i a l ,  t h e  radial d i s t r i b u t i o n  of  concen t r a t ions  should obviously 

be  r ep resen ted  by t h e  curve  s i t u a t e d  between cu rves  1 and 3 i n  F ig .  7 

(when a < 5 >. A correspondingly approximate express ion  f o r  t h e  re -  

c i p r o c a l  o f  t h e  plasma decay cons t an t  may be ob ta ined  by combining for -  

mulas (3.49)-(3.51): 



11. EXPERIMENTAL INVESTIGATIONS OF THE DIFFUSION 
OF CHARGED PARTICLES OF A WEAKLY I O N I Z E D  GAS 

I N  A MAGNETIC FIELD 

4. D i f f u s i o n  o f  E l e c t r o n s  i n  a Neu t ra l  G a s  

Before e v a l u a t i n g  t h e  r e s u l t s  of  t h e  exper imenta l  i n v e s t i g a t i o n s  

o f  t h e  d i f f u s i o n  of  charged plasma p a r t i c l e s  a c r o s s  a magnetic f i e l d ,  w e  

s h a l l  p r e s e n t  t h e  a v a i l a b l e  exper imenta l  d a t a  on t h e  t r a n s v e r s e  d i f  fu- 

s i o n  o f  e l e c t r o n s  i n  a n e u t r a l  gas. 

The d i f f u s i o n a l  "d isso lv ing"  o f  an e l e c t r o n  beam pass ing  through a 

g a s  p a r a l l e l  t o  a magnetic f i e l d  w a s  s t u d i e d  i n  t h e  e a r l y  work of  B a i l e y  

C561. I n  t h i s  work i t  was found t h a t  i n  hydrogen a t  p r e s s u r e s  of 2-16 

mm H g  and magnetic f i e l d s  l e s s  t h a n  800 O e ,  t h e  t r a n s v e r s e  d i f f u s i o n  o f  

e l e c t r o n s  is  adequate ly  desc r ibed  by formula (1.11). 

A more d e t a i l e d  s t u d y  was undertaken by Bicker ton  c571. The dia-  

gram of h i s  i n s t rumen t  i s  shown i n  Fig.  8a. I n  t h i s  i n s t rumen t ,  e l e c -  

t r o n s  r e l e a s e d  by an incandescent  cathode C ,  moving i n  a homogeneous 

e l e c t r i c  f i e l d ,  e n t e r  a c y l i n d r i c a l  d i f f u s i o n  chamber through a small 

a p e r t u r e  0. A t r a n s v e r s e  d i f f u s i o n  o f  e l e c t r o n s  takes p l a c e  i n  t h e  

chamber, t h e  magnetic f i e l d  be ing  d i r e c t e d  p a r a l l e l  t o  t h e  a x i s  o f  t h e  

l a t  t e r  . 

The i n c r e a s e  i n  t h e  t r a n s v e r s e  dimensions o f  t h e  e l e c t r o n  beam dur ing  

t h e  motion o f  the  e l e c t r o n s  from t h e  en t r ance  a p e r t u r e  t o  t h e  c o l l e c t o r  

i s  given by t h e  o r d e r  e q u a l i t y  

(4.1) 
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( d  i s  t h e  l e n g t h  of t h e  chamber and ut l  

v e l o c i t y  i n  t h e  e l e c t r i c  f i e l d ) .  

i s  t h e  l o n g i t u d i n a l  e l e c t r o n  e 

The v a l u e  of[ U,l\/DcL can be found by measuring t h e  r a t i o  o f  t h e  

curves on t h e  r i n g  c o l l e c t o r  "1, and t h e  c e n t r a l  c o l l e c t o r  K ?  1, which 

c h a r a c t e r i z e s  t h e  expansion of  t h e  beam. Fig. 9 shows the  r e s u l t s  o f  

a de termina t ion  o f  t h i s  q u a n t i t y  i n  hel ium at  small c u r r e n t s  a t  which 

t h e  space  charge  does  n o t  a f f e c t  t h e  motion o f  e l e c t r o n s .  The d a t a  

c i t e d  were ob ta ined  f o r  cond i t ions  under which t h e  e l e c t r o n  emission 

from t h e  c o l l e c t o r ,  which a l te rs  t h e  r e s u l t  o f  measurement, 

I f40 *i 
ent  . 

The exper imenta l ly  determined dependence o f  uerl/DeL i n  helium and hydso- 
,- 

gen on t h e  magnetic f i e ld (%-H2)  and on t h e  p r e s s u r e  5 (~%SA) P i s  i n  

good agreement wi th  t h e  t h e o r e t i c a l  dependence given by r e l a t i o n s  (1,lO) 

(E is  t h e  average  e l e c t r o n  energy) .  e 
The s t u d y  of t he  t r a n s v e r s e  d i f f u s i o n  o f  e l e c t r o n s  a t  lower pres -  

s u r e s  and o v e r  a wider  r ange  o f  magnetic f i e l d s  was made by Z h i l i n s k i i ,  

Te ren t ' eva  and t h e  au thor .  A diagram o f  t h e  measurements i s  shown i n  

Fig.  8b. According t o  t h i s  diagram, p re -acce le ra t ed  e l e c t r o n s  e n t e r  



through t h e  o r i f i c e  i n t o  t h e  d i f f u s i o n  chamber where t h e r e  i s  no e l e c -  

t r i c  f i e l d .  Once i n  t h e  chamber, t h e  e l e c t r o n s  r each  the  c o l l e c t o r  by 

d i f f u s i n g  a l o n g  t h e  magnetic f i e l d .  I n  the  c o u r s e  of t h e  l o n g i t u d i n a l  

d i f f u s i o n  t h e  e l e c t r o n  beam expands t o  a s i z e  o f  t he  o r d e r  o f  

A measurement 

o f  a s e c t i o n a l i z e d  

o f  t h e  t r a n s v e r s e  d i s t r i b u t i o n  o f  c u r r e n t  by means 

c o l l e c t o r  makes i t  p o s s i b l e  t o  f i n d  t h e  r a t i o  of  t h e  

l o n g i d u t i n a l  t o  t h e  t r a n s v e r s e  d i f f u s i o n  c o e f f i c i e n t s .  The measurements 

were c a r r i e d  o u t  i n  helium. The e l e c t r o n  energy s e l e c t e d  was l e s s  than  

10 ev s o  t h a t  i n e l a s t i c  e l e c t r o n  c o l l i s i o n s  would be  absent .  The pres-  

s u r e  r ange  w a s  bounded a t  the  lower end by t h e  cond i t ion  / h , ( (d ,  which 

must be f u l f i l l e d  i n  o r d e r  t h a t  t he  motion o f  t h e  e l e c t r o n s  be o f  t h e  

d i f f u s i o n  type.  The h i g h e s t  p r e s s u r e  was determined by t h e  cond i t ion  o f  

- -  

s m a l l  energy loss o f  e l e c t r o n s  i n  t h e  cour se  of t h e i r  d i f f u s i o n  (2  + M l ) :  

R e s u l t s  of  t h e  measurements o f  t h e  r a t i o  of  t h e  d i f f u s i o n  c o e f f i -  

c i e n t s  f o r  a helium p r e s s u r e  of 0.01-0.12 mm Bg and magnetic f i e l d s  up 

t o  2000 Oe a r e  shown i n  F ig .  10. The same f i g u r e  c o n t a i n s  a t h e o r e t i c a l  

curve o b t a i n e d  by means of  e q u a l i t i e s  (1.10) and (lell): 

(4.4) 
i 

?t was assumed i n  t h e  c a l c u l a t i o n s  tha;F=2,5.109 1/ 

quency of c o l l i s i o n s  between e l e c t r o n s  and  atoms of  helium a t  e n e r g i e s  

o f  2-15 ev i s  approximately cons t an t ) .  It i s  apparent  from t h e  graph 

t h a t  t h e  experimental  r e s u l t s  p r a c t i c a l l y  co inc ide  wi th  t h e  t h e o r e t i c a l  

v a l u e s ;  not on ly  t h e  dependence of De/\/DeL on H and p1 but  t he  a b s o l u t e  

va lues  of t h i s  q u a n t i t y  a g r e e  as wel l .  

g + ( t h e  f r e -  

Thus, t he  exper imenta l  d a t a  show t h a t  t h e  d i f f u s i o n  of  e l e c t r o n s  

a c r o s s  a magnetic f i e l d  i n  a n e u t r a l  gas  ( i n  t h e  absence o f  t r a n s v e r s e  

59 



f i e l d s  and f o r  a s l i g h t  e f f e c t  of t h e  space  cha rge )  i s  adequa te ly  de- 

s c r i b e d  by t h e  known t h e o r e t i c a l  formulas.  L e t  us  no te  t h a t  i n  t h e  pres -  

ence o f  a t r a n s v e r s e  e l e c t r i c  f i e l d  and  an e s s e n t i a l  i n f l u e n c e  of  t h e  

space  charge,  t h e  t r a n s v e r s e  motion o f  t h e  e l e c t r o n s  becomes somewhat 

more complicated.  rPhus, a t  low gas p r e s s u r e s ,  an i n s t a b i l i t y  o f  t h e  

motion o f  t h e  e l e c t r o n s  and i n t e n s e  o s c i l l a t i o n s  and n o i s e s  have been 

d e t e c t e d  i n  s t a t i c  magnetrons ( s e e ,  f o r  example, r e fe rence  c581). 

5. Dif fus ion  of  Charged P a r t i c l e s  from t h e  Plasma of  a Discharge 

with an Incandescent  Cathode. 

The first exper imenta l  d a t a  on t h e  d i f f u s i o n  o f  charged p a r t i c l e s  

i n  a magnetic f i e l d  were ob ta ined  from a s t u d y  o f  i o n  sources  publ i shed  
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i n  1949 C591. A diagram o f  the  a p p a r a t u s  desc r ibed  i n  r e f e r e n c e  C59J 

is  g iven  i n  Fig.  11. A s t a t i o n a r y  d i scha rge  between t h e  incandescen t  

-4 -2 cathode H and anode A i s  main ta ined  a t  a low g a s  p r e s s u r e  (10 -10 

mm Hg). The plasma a long  t h e  l i n e s  of f o r c e  of t h e  magnet ic  f i e l d  pene- 

t ra tes  through a diaphragm i n t o  t h e  c a v i t y  o f  t he  anode assembly, The 

s i z e  and  shape of  t h e  r e g i o n  o f  t h e  "primary" plasma i n  c a v i t y  I depends 

on t h e  s i z e  and shape  of t h e  anode diaphragm ( i n  t h e  experiments  the  

diaphragm was a narrow slit a n d  t h e  anode c a v i t y  w a s  i n  t h e  shape of  a 

r e c t a n g u l a r  p a r a l l  e l  ep ip  ed)  . 
d i f f u s e d  toward t h e  pe r iphe ry  

- n  I - 
I I 

I----------- i 

Charged p a r t i c l e s  o f  the  

of  t h e  anode c a v i t y .  

primary plasma 

Fig. 11. Diagram of  t h e  
experimental  a p p a r a t u s  

By measuring t h e  concen t r a t ion  d i s t r i b u t i o n  of  t h e  charged p a r t i -  

c l e s  i n  t h e  p l a n e  pe rpend icu la r  t o  t h e  magnetic f i e l d ,  i t  is  p o s s i b l e ,  

as was shown i n  3 of Chapter  I ,  t o  o b t a i n  d a t a  on t h e  c o e f f i c i e n t  o f  

t r a n s v e r s e  d i f f u s i o n ,  The measurement of t h e  concen t r a t ion  d i s t r i b u t i o n  

w a s  accomplished by means o f  a mobile probe (10 --lo mm H g ) e  I n  o r d e r  

t o  reduce t h e  i n f l u e n c e  o f  t h e  magnetic f i e l d  on t h e  sounding measure- 

-4 -2 

ments, t h e  plasma concen t r a t ion  w a s  determined from t h e  i o n  c u r r e n t  a t  

t h e  probe ( t h e  probe w a s  kep t  a t  a p o t e n t i a l  which was nega t ive  w i t h  

r e s p e c t  t o  t h e  plasma). 

The measurements determine t h e  c h a r a c t e r i s t i c  l e n g t h  of  t h e  con- 

c e n t r a t i o n  drop SA 

p r e s s u r e  o f  mm H g  and a magnetic f i e l d  o f  3,000-4,000 Oee Bohm 

f o r  s e v e r a l  c o n d i t i o n s  i n  argon and hydrogen a t  a 

compared t h e  exper imenta l  va lues  o f  S with  t h e  r e s u l t s  o f  c a l c u l a t i o n s  L 
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based on t h e  assumption o f  a d i p o l a r  c h a r a c t e r  of t h e  p a r t i c l e  motion, 

and came t o  t h e  conclus ion  t h a t  t h e  r a t e  o f  t h e  t r a n s v e r s e  d i f f u s i o n  is 

approximately 2 orders  o f  magnitude g r e a t e r  than t h e  ra te  o f  d i p o l a r  

d i f f u s i o n  a c r o s s  t h e  magnetic f i e l d  C591. The d iscrepancy  was exp la ined  

i n  t h e  work of  Simon [47, 48, 71. Simon showed t h a t  owing t o  t h e  equal- 

i z a t i o n  o f  t h e  p o t e n t i a l  a t  t h e  plasma boundar ies ,  t h e  d i f f u s i o n  i n  t h e  

volume bounded by t h e  conduct ing walls is  no t  d ipolar .  A s  w a s  shown i n  

3 of  chap te r  I ,  t h e  conducting walls should b e  charged t o  a nega t ive  

p o t e n t i a l  o f  t h e  o r d e r  pf -fh-L 
nrp 

i n  t h e  r eg ion  of  d i f f u s i o n  zero  ( i . e - ,  t h e  conducting c a v i t y  becomes 

kT so  as t o  make t h e  flow of e l e c t r o n s  

a p o t e n t i a l  box f o r  t h e  e l e c t r o n s ) .  

T h i s  i s  confirmed by measurements of t h e  anodic  c u r r e n t  d i s t r i b u -  

t i o n  desc r ibed  i n  t h e  paper  of  Zharinov c511. The measurements were 

made by means of a probe moved i n  t h e  v i c i n i t y  o f  t h e  end s u r f a c e  o f  

t h e  anode (a c y l i n d r i c a l  i n s t rumen t  similar t o  t h e  one shown i n  Fig. 

11 was used) .  It was found, i n  accordance w i t h  t h e  above, t h a t  o u t s i d e  

t h e  reg ion  o f  primary plasma the  e l e c t r o n  flow t o  t h e  anode w a s  sub- 

s t a n t i a l l y  sma l l e r  than t h e  i o n  flow. 

When t h e  flow o f  e l e c t r o n s  is  equal  t o  ze ro ,  t h e  d i s t r i b u t i o n  o f  

t h e  plasma concen t r a t ion  i s  determined by t h e  d i f f u s i o n  o f  t h e  ions .  

T h e  c h a r a c t e r i s t i c  l e n g t h  SA is given,  i n  accordance w i t h  (3.301, by 

the  d i s t a n c e  t o  which t h e  i o n s  a r e  a b l e  t o  d i f f u s e  dur ing  t h e i r  l i f e -  

time * : 

*Let us n o t e  t h a t  t h e  formulas used  i n  [47? 481 d i f f e r  from (3.30) by 
t h e  f a c t o r  . T h i s  d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  Simon neg lec t ed  
t h e  t r a n s v e r s e  e l e c t r i c  f i e l d  i n  h i s  c a l c u l a t i o n  ( s e e  p. 48). 
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S u b s t i t u t i n g  express ion  (1.10) and (1.11) f o r  t h e  d i f f u s i o n  c o e f f i c i e n t s  

o f  i o n s  and assuming 0 > V i ,  we f i n d  

( 5 . 2 )  
SA'=--. d vin 

a 

This  r e l a t i o n  a p p l i e s  i f  t h e  l o n g i t u d i n a l  motion o f  the  i o n s  i s  o f  t h e  

d i f f u s i o n  t y p e ,  i .e . ,  i f /  & , < d o  

is  determined by t h e i r  thermal  v e l o c i t y  

Wheni&>dfi t h e  l i f e t i m e  o f  t h e  i o n s  

and t h e  q u a n t i t y  S is g iven  by t h e  o r d e r  r e l a t i o n  

_____.__-- 

To v e r i f y  Simon's p o s t u l a t i o n s ,  measurements were undertaken o f  

t h e  dependence o f  S,L on t h e  magnetic f i e l d  [48, 71. The measurements 

were c a r r i e d  o u t  i n  a c y l i n d r i c a l  anode assembly made o f  metal as i n  t h e  

diagram shown above (Fig.  11). Most o f  t h e  r e s u l t s  were o b t a i n e d  i n  a 

chamber f i l l e d  w i t h  n i t r o g e n  a t  a 

a magnetic f i e l d  of 2,000--14,000 

primary plasma was l e s s  than 1%. 

shown i n  Fig.  12. A s  can be  s e e n  

p res su re  o f  1oe3--5 x mm Hg and 

Oe. The degree  o f  i o n i z a t i o n  i n  t h e  

A t y p i c a l  dependence o f  SA 

from (5. l ) ,  t h i s  dependence i s  i n  

on H is 

agreement w i t h  t h e  t h e o r e t i c a l  one and corresponds t o  t h e  quadra t i c  de- 

pendence of  t h e  t r a n s v e r s e  d i f f u s i o n  c o e f f i c i e n t  on t h e  magnetic f i e l d  

( D 1 - p . 3  

n i t r o g e n  p r e s s u r e  were also undertaken. 

1 Measurements of t h e  dependence o f  t h e  l e n g t h  SL on t h e  
I_ 

When &<$ (h,<G C-% df2G cy )  , 

a l i n e a r  i n c r e a s e  o f  SA wi th  t h e  p re s su re  was ob ta ined  mhich ag reed  

with (5.2); when -hl*,d(X,*d=6 c.+L) 
---_ 

i t  was found t h a t  'siNv'p (Bee 5.4)). 

The a b s o l u t e  v a l u e s  of SL ob ta ined  i n  t h e  experiments d e s c r i b e d  

i n  [48] as w e l l  as i n  t h e  f i r s t  experiment c591, a g r e e  i n  o r d e r  o f  mag- 

n i t u d e  w i t h  t h e  t h e o r e t i c a l  values.  It would be d i f f i c u l t  t o  expect  



a b e t t e r  agreernent, s i n c e  t h e  e f f e c t i v e  c o l l i s i o n  c r o s s  s e c t i o n  and the  

i o n  tempera ture  were known only  ve ry  approximately.  

R e s u l t s  of i n v e s t i g a t i o n s  o f  t h e  c o n c e n t r a t i o n  d i s t r i b u t i o n  o f  

charged p a r t i c l e s  d i f f u s i n g  from a s t a t i o n a r y  plasma a r e  a l s o  g iven  i n  

r e f e r e n c e  C ~ O ] .  The d i f f e r e n c e  i n  these  i n v e s t i g a t i o n s  i s  tha t  t h e  

d i f f u s i o n  was s t u d i e d  i n  a b o t t l e  o f  greater  l e n g t h  (1.2--1.5 m )  and a 

s u b s t a n t i a l  p a r t  of t h e  l a t e r a l  s u r f a c e  of t h e  b o t t l e  w a s  made o f  g l a s s .  

A r igo rous  a n a l y s i s  o f  t h e  d i f f u s i o n  i s  d i f f i c u l t  f o r  such a "mixed" 

s u r f a c e  of t h e  b o t t l e .  I t  seems probable ,  however, t h a t  when (( 2 the role: 

of  t h e  boundary cond i t ions  on t h e  l a t e r a l  walls i s  minor, and t h e  

measurements of  t h e  l e n g t h  o f  t h e  drop i n  t h e  d i f f u s i o n  concen t r a t ion  

may be compared t o  t h e  r e l a t i o n s  (5.2) and (5.4). 

The measurements c a r r i e d  ou t  i n  n i t rogen  and i n  hydrogen a t  a 

p r e s s u r e  of  mm Hg have shown t h a t  t h e  l e n g t h  SI is i n v e r s e l y  
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propor t iona l  t o  t h e  magnetic f i e l d  s t r e n g t h  H ( i n  t h e  range up t o  

3,500 Oe). 

from formula (5.2). 

N2,  Ne, A r ,  K r  a t  p = 

e v e r ,  are d i f f i c u l t  t o  i n t e r p r e t  s i n c e  SL is  of the  o rde r  of t h e  Larmor 

i o n i c  r a d i u s  and t h e  s t a n d a r d  theory i s  inapp l i cab le .  

The o r d e r  of magnitude o f  SA agrees  wi th  t h a t  ob ta ined  

The q u a n t i t y  S l  w a s  a l s o  determined i n  H2, He, 

mm Hg. Measurements a t  low p r e s s u r e ,  how- 

Thus t h e  experimental  d a t a  ob ta ined  t o  da t e  f o r  t h e  d i s t r i b u t i o n  

o f  concen t r a t ions  i n  a plasma d i f f u s i n g  a c r o s s  a magnetic f i e l d  from 

a d ischarge  w i t h  an incandescent  ca thode  a re  i n  good agreement wi th  t h e  

r t c o l l i s i o n a l "  d i f f u s i o n  theory .  

I t  shou ld  b e  no ted  t h a t  no explana t ion  can be obta ined  on t h e  t r a n s -  

v e r s e  motion o f  e l e c t r o n s  from t h e s e  d a t a ,  s i n c e  under t h e  cond i t ions  o f  

t h e s e  experiments  ( i n  a b o t t l e  wi th  conducting w a l l s )  t h e  d i s t r i b u t i o n  

of  concent ra t ions  is  completely determined by t h e  d i f f u s i o n  o f  i o n s  &l]. 

I n  many experiments t h e r e  were observed some anomalous phenomena i n  

t h e  plasma of a d i scha rge  wi th  an incandescent  cathode; t h e s e  phenomena 

may b e  a s s o c i a t e d  w i t h  a change i n  t h e  c h a r a c t e r  of t h e  t r a n s v e r s e  d i f -  

fus ion  o f  t h e  charged p a r t i c l e s  i n  t h e  magnetic f i e l d .  

As e a r l y  as t h e  f i r s t  experiments  desc r ibed  i n  Bohrn's a r t i c l e  

i t  was found t h a t  t h e  r a t i o  o f  t h e  e l e c t r o n  s a t u r a t i o n  c u r r e n t  a t  t h e  

probe t o  t h e  i o n  c u r r e n t  i n  a s t r o n g  magnetic f i e l d  is cons iderably  g r e a t -  

e r  than  t h e  expected va lue  ( i n  t h e s e  experiments  t h e  c o l l e c t i n g  s u r f a c e  

of  t h e  probe was pe rpend icu la r  t o  t h e  magnetic f i e l d ) .  This  l e d  t o  t h e  

assumption t h a t  t h e  t r a n s v e r s e  motion o f  e l e c t r o n s  occurs  f a s t e r  than 

t h e  d i f f u s i o n .  Reasons f o r  t h i s  b e l i e f  were r a t h e r  few s i n c e  the exam- 

i n a t i o n  o f  t h e  e l e c t r o n  branches of t h e  sounding cu rves  i n  t h e  magnetic 

f i e l d  were ve ry  approximate. 



F u r t h e r  s t u d i e s  o f  t h e  sounding c h a r a c t e r i s t i c s  i n  a plasma of a 

discharge  w i t h  an incandescent  ca thode  were c a r r i e d  o u t  by Zharinov C61, 

62). I n  t h e s e  i n v e s t i g a t i o n s ,  h o l e s  were d r i l l e d  i n  t h e  f a c e  o f  t h e  

anode, and t h e  volt-ampere c h a r a c t e r i s t i c s  of  t h e  c u r r e n t  were measured 

wi th  a probe l o c a t e d  behind  t h e  hole .  As t h e  magnetic f i e l d  r o s e  t o  

some c r i t i c a l  va lue ,  t h e  r a t i o  o f  t h e  e l e c t r o n  s a t u r a t i o n  c u r r e n t  t o  t h e  

monotonic i o n  c u r r e n t  decreased.  A t  t h e  " c r i t i c a l "  magnetic f i e l d ,  t h i s  

r a t i o  a b r u p t l y  i n c r e a s e d  and at t h e  same time i n t e n s e  o s c i l l a t i o n s  of  

the  probe c u r r e n t  were observed. Sys temat ic  measurements of t h e  c r i t i -  

c a l  magnetic f i e l d  were performed i n  hydrogen, n i t rogen  and helium i n  

t h e  p r e s s u r e  range  of  10 mm Hg. It  was found t h a t  t h e  c r i t i c a l  

f i e l d  r i s e s  i n  an approximately l i n e a r  f a sh ion  wi th  t h e  p r e s s u r e ,  and 

t h a t  at a p r e s s u r e  of l v 5  x 10 mrn H g ,  i t  amounts t o  approximately 500 

O e  f o r  H2 and about  1,500 Oe f o r  N2 and He. 

-2 

-2 

By comparing t h e  c u r r e n t s  t o  t h e  d i f f e r e n t  probes ( t h e  phases o f  

c u r r e n t  o s c i l l a t i o n  were compared) i t  w a s  e s t a b l i s h e d  t h a t  at f i e l d s  

g r e a t e r  t han  t h e  c r i t i c a l ,  t h e r e  a r e  formed one o r  two plasmoids ( ton-  

gues)  which revolve  around t h e  axis o f  t h e  d i scha rge .  As t h e  magnetic 

f i e l d  i n c r e a s e d ,  t h e  p e r i o d  o f  r e v o l u t i o n  o f  t h e  tongue decreased. Simi- 

lar phenomena are  d e s c r i b e d  i n  re f .  C633. The a u t h o r s  o f  t h i s  work ob- 

se rved  t h e  r e v o l u t i o n  o f  t h e  plasmoid i n  v a r i o u s  g a s e s ,  H2, H e ,  N2, A r ,  

K r ,  Xe, a t  p r e s s u r e s  i n  t h e  anode c a v i t y  between 10 

p r e s s u r e  i n  t h e  gap between t h e  cathode and t h e  anode w a s  kept  a t  about 

-4 mm Hg ( t h e  

rnm Hg. A t  p r e s s u r e s  of mm H g  i n  t h e  anode c a v i t y ,  t h e  re-  

vo lv ing  plasmoid was not  observed i n  r e f e r e n c e  C631. 

t h e  formation and r e v o l u t i o n  o f  plasmoids i n  more d e t a i l ,  E l i ea rov  and 

Zharinov worked out  a s p e c i a l  t echnique  C643. I n  t h e s e  experiments,  

I n  o r d e r  t o  s tudy  
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the  end s u r f a c e  of t h e  anode c o n s i s t e d  o f  a m e t a l l i c  g r i d .  The f l u x  

of  e l e c t r o n s  o r  i o n s  p e n e t r a t i n g  through t h e  g r i d  w a s  t ransformed i n t o  

a f lux of l i g h t .  The e l e c t r o n s  were a c c e l e r a t e d  by s h o r t  v o l t a g e  p u l s e s  

and, impinging on a f l u o r e s c e n t  s c r e e n ,  caused i t  t o  glow. Under condi- 

t i o n s  of an ' ' ionic image,'' t h e  i o n s  were a c c e l e r a t e d  and knocked second- 

a r y  e l e c t r o n s  o u t  o f  t h e  g r id ;  a f t e r  be ing  a c a e l e r a t e d ,  t h e r e  e l e c t r o n s  

were d i r e c t e d  toward t h e  phosphor. I n  t hese  measurements, t h e  d ischarge  

w a s  produced by p u l s e s  1 msec long. By photographing t h e  glow o f  t h e  

f l u o r e s c e n t  s c r e e n  f o r  v a r i o u s  de l ays  of  t h e  "sounding pulses"  r e l a t i v e  

t o  t h e  start of  t h e  d i s c h a r g e ,  i t  was p o s s i b l e  t o  r eco rd  t h e  d i s t r i b u -  

t i o n  o f  t h e  plasma c o n c e n t r a t i o n s  o v e r  t h e  c r o s s  s e c t i o n  of  t h e  anode 

du r ing  t h e  p e r i o d  o f  format ion  and r e v o l u t i o n  of  t h e  plasmoids.  Pre- 

l i m i n a r y  r e s u l t s  of i n v e s t i g a t i o n s  publ i shed  thus f a r  i n d i c a t e  t h a t  t he  

shapes  of  t h e  plasma format ions  and  t h e i r  motions are q u i t e  v a r i e d .  

\ 

It shou ld  be n o t e d  t h a t  t h e  r e s u l t  of t h e  v a r i o u s  i n v e s t i g a t i o n s  

o f  t h e  nanomalous'' d i scha rge  c o n d i t i o n s  i n v o l v i n g  an incandescent  cath-  

ode, desc r ibed  i n  r e f e r e n c e s  C61--643, a r e  c o n t r a d i c t o r y  i n  many r e spec t s .  

The mechanism o f  format ion  o f  t h e  r e v o l v i n g  plasmoids is not  understood.  

The r e l a t i o n s h i p  between t h e  e f f e c t s  observed and t h e  t r a n s p o r t  phenom- 

ena i n  t h e  plasma h a s  not  been i d e n t i f i e d .  

I n  a r e c e n t  paper  C651, Guest and 8imon a t t empted  t o  r e l a t e  t h e  

observed anomalies w i t h  t he  appearance of a corkscrew plasma i n s t a b i l i t y  

similar to  t h e  i n s t a b i l i t y  o f  t h e  p o s i t i v e  column o f  a discharge,  e a r l i e r  

examined by Nedospasov and  Kadomtsev (p.  73) .  The corkscrew i n s t a b i l i t y  

may be caused by t h e  l o n g i t u d i n a l  c u r r e n t  i n  t h e  r eg ion  of  d i f f u s i o n  

( a s  was i n d i c a t e d  above, i n  d i f f u s i o n  i n  a m e t a l l i c  con ta ine r ,  t h e  i o n  

c u r r e n t  on t h e  pe r iphe ry  i s  not  ba l anced  by t h e  e l e c t r o n  c u r r e n t ) .  



It i s  no t  c l e a r  as y e t  whether t h e  anomalies occur r ing  i n  t h e  d i f -  

fus ion  of a plasma from a d ischarge  w i t h  an incandescent  ca thode  can be 

expla ined  i n  t h i s  f a sh ion ,  s i n c e  a d e t a i l e d  comparison o f  t h e  c o n d i t i o n s  

under which t h e  i n s t a b i l i t y  a r i ses  wi th  t h e  exper imenta l  d a t a  has  not  

been made t o  date .  

6. D i f fus ion  i n  a Low Pressu re  G a s  Discharge 

Under many cond i t ions  of  a low-voltage a r c  d i scha rge  (a t  gas pres-  

s u r e s  o f  0.1-10 mm Hg), t h e  i o n i z a t i o n  of  t h e  g a s  occurs  mainly i n  t h e  

v i c i n i t y  of  t h e  ca thode  ( s e e  f66, 671). The d i s t r i b u t i o n  o f  t h e  plasma 

concen t r a t ions  i n  t h e  s p a c e  between t h e  cathode and  t h e  anode is d e t e r -  

mined by t h e  d i f f u s i o n  o f  t h e  charged p a r t i c l e s  from the  r e g i o n  adja-  

cen t  t o  t h e  cathode. I f  we assume t h a t  t h e  temperature  of t h e  charged 

p a r t i c l e s  i s  c o n s t a n t  ove r  t h e  e n t i r e  volume ( o u t s i d e  t h e  reg ion  o f  

i o n i z a t i o n ) ,  we can app ly  t o  t h i s  c a s e  t h e  r e s u l t s  o f  t h e  a n a l y s i s  per-  

formed i n  No. 3 of chap te r  I. I t  fol lows from t h i s  a n a l y s i s  t h a t  a t  

some d i s t a n c e  from t h e  cathode t h e  plasma concen t r a t ion  shou ld  decrease  

exponen t i a l ly  i n  t h e  d i r e c t i o n  o f  t h e  anode. The c h a r a c t e r i s t i c  l e n g t h  

of t h e  concen t r a t ion  drop i n  a c y l i n d r i c a l  d i scha rge  b o t t l e  (made o f  a 

d i e l e c t r i c )  a long  t h e  axis of  which is d i r e c t e d  t h e  magnetic f i e l d ,  i s  

given by t h e  r e l a t i o n  ( 3 . 3 3 ) :  

(6.1.) 

Nedospasov's work C681 g ives  experimental  d a t a  on t h e  d i s t r i b u t i o n  

of t h e  plasma concen t r a t ions  between t h e  cathode and t h e  anode of a low- 

v o l t a g e  a r c  d ischarge  i n  argon p l aced  i n  a l o n g i t u d i n a l  magnetic f i e l d .  

These d a t a  were ob ta ined  by measuring t h e  i o n  c u r r e n t s  on t h e  w a l l  probe 

which was moved a long  t h e  l a t e r a l  w a l l  o f  t h e  d ischarge  b o t t l e .  The 
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measurements determined t h e  c h a r a c t e r i s t i c  l e n g t h  S and t h e  l a t t e r  

w a s  used t o  f i n d  t h e  r a t i o  o f  t h e  c o e f f i c i e n t s  o f  t h e  longi tudina l .  t o  

t h e  t r a n s v e r s e  diffusioniDaIl/DoL ( s e e  (6.1)) The v a r i a t i o n  of  t h e  r a t i o  

/ D a ~ l / D a ~  w i t h  t h e  magnet ic  f i e l d  s t r e n g t h  is shown i n  Fig. 13. As can b e  

seen  from t h e  graph,  t h e  exper imenta l  dependence a t  magnetic f i e l d s  be- 

low 1,000 O e  and  argon p r e s s u r e s  of 0.25-1 m Hg agrees  w e l l  w i t h  t h e  

7 e  Dif fus ion  o f  a P o s i t i v e  Discharge Column i n  a Plasma 

It h a s  been s t a t e d  above ( s e e  p. M), t h a t  t h e  main c h a r a c t e r i s -  

t i c s  of a p o s i t i v e  d i s c h a r g e  column -- t h e  e l e c t r o n  tempera ture ,  t h e  

d i s t r i b u t i o n  and maximum c o n c e n t r a t i o n  o f  t h e  plasma, t h e  l o n g i t u d i n a l  

e l e c t r i c  f i e l d  s t r e n g t h  -- a r e  determined by t h e  d i f f u s i o n  o f  t h e  

charged p a r t i c l e s  toward t h e  l a t e ra l  walls of  t h e  d i s c h a r g e  b o t t l e .  

Therefore ,  by  s t u d y i n g  t h e s e  c h a r a c t e r i s t i c s  in t h e  presence o f  a mag- 

n e t i c  f i e l d  d i r e c t e d  p a r a l l e l  t o  t h e  a x i s  of t he  d i scha rge ,  one can 
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o b t a i n  in fo rma t ion  on t h e  t r a n s v e r s e  d i f f u s i o n  o f  t h e  charged p a r t i c l e s .  

Sounding measurements o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  p o s i t i v e  d i s -  

charge column i n  helium at  low magnetic f i e l d s  (up t o  400 Oe) have been 

c a r r i e d  out  by  Bicker ton  and Engel C691. 

ments a r e  i n  good agreement w i t h  t h e  d i f f u s i o n  theo ry  of a p o s i t i v e  d i s -  

charge column. As t h e  magnetic f i e l d  i n c r e a s e s ,  t h e  e l e c t r o n  tempera- 

t u r e  and  t h e  l o n g i t u d i n a l  e l e c t r i c  f i e l d  s t r e n g t h  decrease ,  and t h e  

plasma concen t r a t ion  inc reases .  These r e s u l t s  a re  a l s o  confirmed by 

o t h e r  s t u d i e s .  I n  t h e  work of V a s i l ' e v a  and Granovski i  c703 t h e  dif-  

fus ion  c o e f f i c i e n t  w a s  measured d i r e c t l y  i n  the  p o s i t i v e  column. The 

plasma flow toward t h e  l a t e ra l  wall and t h e  concen t r a t ion  g r a d i e n t  i n  

t h e  v i c i n i t y  of t h e  wa l l  were determined by means of  probes (from t h e  

i o n i c  p a r t s  of t h e  c h a r a c t e r i s t i c s ) .  

t o  t h e  d i f f u s i o n  c o e f f i c i e n t .  The change i n  t h e  c o e f f i c i e n t  o f  t r a n s -  

v e r s e  diffusio,n i n  helium corresponds t o  formula (1.24) when t h e  magnetic 

f i e l d  i n c r e a s e s  t o  5OO--l,OOO O e  ( a t  p r e s s u r e s  o f  0.07--1 rnm Hg). 

The r e s u l t s  of t h e  measure- 

The r a t i o  o f  t h e s e  v a l u e s  i s  equal  

However, t h e  cond i t ion  o f  t h e  p o s i t i v e  d i scha rge  column depends on 

t h e  d i f f u s i o n  due t o  p a r t i c l e  c o l l i s i o n s  only when t h e  magnetic f i e l d s  

a re  not  t o o  g r e a t .  As t h e  magnetic f i e l d  i n c r e a s e s ,  s t a r t i n g  a t  some 

' ' c r i t i c a l t 1  v a l u e ,  t h e  ra te  o f  escape  of  t h e  p a r t i c l e s  a l s o  i n c r e a s e s .  

A t  t h e  same time, i n t e n s e  o s c i l l a t i o n s  and n o i s e s  appear.  This  e f f e c t  

was f i rs t  noted  by Lehnert  [71] and was s t u d i e d  i n  d e t a i l  by Lehnert  

and Noh C72-741, Granovski i  e t  a1 C751, Allen e t  a1 C76, 771 and i n  a 

number of o t h e r  s t u d i e s  C78-803. We s h a l l  c i t e  here  some experimental  

r e s u l  ti3 e 

I n  r e f e r e n c e s  c71-74.1 and C76-771, t h e  i n v e s t i g a t i o n s  of t h e  pos i -  

t i v e  column were c a r r i e d  out i n  a d i scha rge  t u b e  o f  cons ide rab le  l e n g t h  



(2.4-4.1 m), placed  i n  a homogeneous magnetic f i e l d .  The cathode and 

anode were o u t s i d e  t h e  boundar ies  o f  t h e  magnetic f i e l d .  Measurements 

were made of  t h e  p o t e n t i a l  d i f f e r e n c e  between i d e n t i c a l  probes p laced  

i n  t h e  plasma a t  some d i s t a n c e  from each o t h e r ,  and from t h i s  value t h e  

l o n g i t u d i n a l  e l e c t r i c  f i e l d  s t r e n g t h  w a s  obtained.  The r e s u l t s  of t h e  

measurements i n  helium f o r  a b o t t l e  r a d i u s  o f  1 cm are  shown i n  Fig. 14  

by means of continuous curves. I n  t h e  same f i g u r e ,  t h e  broken l i n e s  

r e p r e s e n t  t h e  t h e o r e t i c a l  cu rves  c a l c u l a t e d  wi th  t h e  assumption t h a t  t h e  

d i f f u s i o n  i s  determined by c o l l i s i o n s .  * 

A t  small magnetic f i e l d  s t r e n g t h s ,  t h e  shape o f  t h e  t h e o r e t i c a l  and 

experimental  curves  is  t h e  same. Some d i f f e r e n c e s  a r e  due t o  t h e  in -  

accu ra t e  v a l u e s  of t h e  e f f e c t i v e  c o l l i s i o n  c r o s s  s e c t i o n s  used i n  t h e  

c a l c u l a t i o n s .  Beginning w i t h  t h e  c r i t i c a l  magnetic f i e l d  Hcr, t h e  mag- 

n i t u d e  o f  t h e  l o n g i t u d i n a l  e l e c t r i c  f i e l d  s t r e n g t h  i n  t h e  p o s i t i v e  co l -  

umn i n c r e a s e s .  Th i s  i n d i c a t e s  an  i n c r e a s e  i n  t h e  r a t e  of  escape  o f  t h e  

charged p a r t i c l e s  from t h e  plasma. The i n c r e a s e  i n  t h e  rate o f  escape 

o f  t h e  charged p a r t i c l e s  a t  magnetic f i e l d s  g r e a t e r  than c r i t i c a l  has 

a l s o  been confirmed by measurements o f  t h e  i o n  c u r r e n t  on t h e  wall probes 

67417 C753* 

A t  h i g h e r  magnetic f i e l d s  (4,000--6,000 Oe), t h e  l o n g i t u d i n a l  f i e l d  

s t r e n g t h  (and cor respondingly  t h e  ra te  o f  e scape  o f  t h e  p a r t i c l e s  from 

t h e  plasma) i s  found t o  be o f  t h e  same o rde r  as i n  t h e  absence o f  t h e  

magnetic f i e l d  and undergoes l i t t l e  change e 

The i n c r e a s e  i n  t h e  l o n g i t u d i n a l  e l e c t r i c  f i e l d  s t r e n g t h  a t  H >  H 

The va lues  
er  

i s  accompanied by a sha rp  i n c r e a s e  i n  t h e  n o i s e  i n t e n s i t y .  

*These t h e o r e t i c a l  curves  have been p l o t t e d  f o r  t h e  case  where t h e  plasma 
conta ins  only  atomic H e  ions .  The presence of  molecular  i o n s  does not  
s u b s t a n t i a l l y  a f f e c t  t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s ,  

-c 
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Fig. 14, Longi tudina l  e l e c t r i c  
f i e l d  s t r e n g t h  v e r s u s  magnetic 
f i e l d  s t r e n g t h .  

1-p = 0.45 mm Hg; 
2-0.9 mm H g ;  
3-1.8 mm Hg. 

of  t h e  c r i t i c a l  magnet ic  f i e l d s  determined from t h e  minima o f  t h e  E 

( H )  curves  and  from t h e  i n c r e a s e  o f  t h e  n o i s e  i n t e n s i t y  a g r e e  w i t h  each  

o the r .  

F i g .  15 shows t h e  dependence o f  Hcr on t h e  p r e s s u r e  o f  helium f o r  

s e v e r a l  v a l u e s  of  t h e  d iameter  o f  t h e  d i s c h a r g e  b o t t l e  as given i n  

r e f e r e n c e s  C73, 761. It w a s  found t h a t  t h e  va lue  of  Hcr i n c r e a s e s  

s l i g h t l y  when t h e  d i s c h a r g e  cu r ren t  is i n c r e a s e d  and changes correspond-  

i n g l y  l i t t l e  when t h e  l e n g t h  o f  t h e  d i scha rge  r eg ion  l o c a t e d  i n  t h e  

magnetic f i e l d  is  dec reased  from 4 t o  0.5 rn. We a re  c i t i n g  h e r e  on ly  

t h e  r e s u l t s  f o r  helium. S i m i l a r  d a t a  were ob ta ined  i n  s t u d i e s  of t h e  

p o s i t i v e  d i scha rge  column i n  hydrogen, n i t r o g e n ,  neon, a rgon  and  krypton  

6739 74, 76, 771. 

The abnormally f a s t  escape  o f  p a r t i c l e s  from t h e  plasma of  a 



p o s i t i v e  d i scha rge  column was exp la ined  i n  t h e  paper  of Kadomtsev and 
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Hedospasov C811 who showed t h a t  t h i s  escape may b e  due t o  t h e  appearance 

/:.-y-----y 
- pa, MM Jig .CM 

.+ 

F i g ,  15. Dependence of Hcr a on pa ,  

1 - Curve c a l c u l a t e d  from t h e  formulas  o f  r e f e r e n c e  C811; 
2 - Experimental  curve from t h e  d a t a  o f  C761; a = 0.9-1.3 cm; 
3 - Experimental  cu rve  from t h e  d a t a  of r e f e r e n c e  c733; a = 0.75 cm. 

The paper  d i s c u s s e s  a p e r t u r b a t i o n  c o n s i s t i n g  o f  a s e r p e n t i n e  (cork- 

screw) d i s t o r t i o n  of t h e  plasma column.* The i n c r e a s e  i n  p e r t u r b a t i o n  

i s  h indered  by t h e  d i f f u s i o n  s i n c e  t h e  d i f f u s i o n  flow of  p a r t i c l e s  t o  

t h e  wall i s  g r e a t e r  where t h e  column is c l o s e r  t o  t h e  w a l l ,  A t  t h e  same 

time, a r igh t -hand corkscrew d i s t o r t i o n  i s  a s s o c i a t e d  w i t h  a f o r c e  d i r e c t -  

ed toward t h e  w a l l s  and a c t i n g  on t h e  column i n  t h e  magnetic f i e l d .  Th i s  

f o r c e  is a s s o c i a t e d  w i t h  t h e  azimuthal  component of  t h e  c u r r e n t  a r i s i n g  

from t h e  d i s t o r t i o n .  As t h e  magnetic f i e l d  i n c r e a s e s ,  t h i s  f o r c e ,  tend- 

i n g  t o  i n c r e a s e  the d i s t o r t i o n ,  a l s o  i n c r e a s e s ,  and the  d i f f u s i o n  

*Let  us n o t e  t h a t  t o  exp la in  t h e  observed anomalies Hoh C821 developed a 
r a t h e r  u n c l e a r  hypo thes i s  on t h e  i n s t a b i l i € y  o f  t h e  l a y e r  between t h e  
plasma and t h e  wall ( i n s t a b i l i t y  not  a s s o c i a t e d  w i t h  t h e  d i scha rge  cur- 
r e n t ) ,  Th i s  hypo thes i s  cannot account  f o r  t h e  phenomena observed. Judg- 
i n g  from t h e  l a t e s t  a r t i c l e s  C83, 841 t h e  a u t h o r  h imsel f  has  r epud ia t ed  
t h i s  hypo thes i s  and main ta ins  t h a t  t h e  corkscrew i n s t a b i l i t y  d i scussed  
by Nedospasov and Kadomtsev a r i s e s  i n  t h e  p o s i t i v e  column. 

73 



i n h i b i t i n g  t h e  p e r t u r b a t i o n  slows down. For  t h i s  reason ,  s t a r t i n g  

from a c e r t a i n  c r i t i c a l  v a l u e  o f  t h e  magnetic f i e l d ,  a n  i n s t a b i l i t y  i s  

produced. The v a l u e s  o f  Hcr f o r  t h i s  i n s t a b i l i t y  ( see  Fig.  15), ca l -  

c u l a t e d  from t h e  formulas given i n  r e f e r e n c e  CSl], a r e  i n  good agree- 

ment w i t h  t h e  r e s u l t s  of t h e  exper imenta l  de t e rmina t ion  of  t h i s  value 

i n  t h e  p o s i t i v e  column of a discharge.* 

The o n s e t  o f  a h e l i c a l  i n s t a b i l i t y  i n  t h e  p o s i t i v e  column of  a 

d i scha rge ,  p r e d i c t e d  by Kadomtsev and Nedospasov , was observed d i r e c t l y  

a t  magnetic f i e l d s  exceeding t h e  c r i t i c a l  v a l u e  i n  r e f e r e n c e s  C76, 771. 

The a u t h o r s  of  t h e s e  papers  were a b l e  t o  photograph t h e  time r e s o l u t i o n  

of t h e  glow of  a plasma column i n  two p r o j e c t i o n s  under c e r t a i n  condi- 

t i o n s .  The photographs ob ta ined  c o n s t i t u t e  c l e a r - c u t  ev idence  f o r  a 

r igh t -hand d i s t o r t i o n  o f  t h e  plasma column, An a d d i t i o n a l  conf i rma t ion  

o f  t h i s  t h e o r y  came from measurements o f  H i n  t h e  p o s i t i v e  column o f  

a d i scha rge  i n  t h e  presence  of a high-frequency f i e l d  C80l. A f i e l d  

c r  

with a frequency o f  4 MC was s u p p l i e d  from t h e  g e n e r a t o r  t o  a s p e c i a l  

s o l e n o i d  i n  which t h e  d i scha rge  b o t t l e  was p laced .  I n  t h e  presence  o f  

t h e  a d d i t i o n a l  i o n i z a t i o n  produced by t h e  high-frequency e l e c t r i c  f i e l d ,  

t h e  cons t an t  e l e c t r i c  f i e l d  necessary f o r  main ta in ing  t h e  equ i l ib r ium 

of  t h e  p a r t i c l e s  i n  t h e  p o s i t i v e  column decreases .  The c o n c e n t r a t i o n  o f  

e l e c t r o n s  f o r  t h e  g iven  d i scha rge  c u r r e n t  cor respondingly  i n c r e a s e s .  

Therefore ,  when t h e  plasma column i s  d i s t o r t e d ,  t h e  s t a b i l i z i n g  e f f e c t  

o f  d i f f u s i o n  i s  r e i n f o r c e d  and t h e  magnitude of H should  i n c r e a s e ,  

Experiments have confirmed t h e  p o s t u l a t e d  i n c r e a s e  i n  H 

*The t h e o r e t i c a l  curve  of Fig. 15 was p l o t t e d  from t h e  d a t a  k i n d l y  sup- 
p l i e d  t o  t h e  a u t h o r  by A. V. Nedospasov. The same da ta  were used i n  
t h e  paper  by Vdovin and Nedosposov C1193 pub l i shed  a f t e r  t h i s  survey had 
been w r i t t e n .  c r  f o r  helium, neon, a rgon  and mercury, and  t h e  r e s p e c t i v e  experimental  
d a t a  a re  analyzed,  

c r  

c r  * 

Reference [ll9] g i v e s  t h e  r e s u l t s  o f  a c a l c u l a t i o n  of H 
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Reference c811 not  on ly  d e r i v e s  a c r i t e r i o n  f o r  t h e  onse t  o f  h e l i c a l  

i n s t a b i l i t y ,  b u t  a l s o  d i s c u s s e s  t h e  development o f  i n s t a b i l i t y  a t  va lues  

o f  H c l o s e  t o  Her+ Th i s  a n a l y s i s  determined t h e  f requencies  o f  o s c i l l a -  

t i o n  o f  t h e  plasma column and  t h e  ra te  o f  t h e  anomalous d i f f u s i o n  as- 

s o c i a t e d  w i t h  t h e s e  o s c i l l a t i o n s .  These r e s u l t s  a r e  i n  accord  wi th  t h e  

experimental  resul ts .  

A t  f i e l d s  cons ide rab ly  h igher  t h a n  H many t y p e s  o f  o s c i l l a t i o n s  

may be observed i n  t h e  column s imul taneous ly ;  t h e s e  o s c i l l a t i o n s  should 

then become i r r e g u l a r .  The theory  o f  such  a developed i n s t a b i l i t y  was 

formulated by Kadomtsev E853 by analogy wi th  t h e  t u r b u l e n t  convect ion of  

a f l u i d .  It fol lows from t h i s  t heo ry  t h a t  t h e  r a t e  o f  t h e  " tu rbu len t "  

d i f f u s i o n  o f  a plasma a t  H)>Hcr should not depend on t h e  magnetic f i e l d .  

These as w e l l  as o t h e r  conclusions o f  t h e  theory agree  w i t h  t h e  exper i -  

mental  r e s u l t s .  

c r  ' 

Thus i t  may be cons idered  c e r t a i n  t h a t  t h e  anomalous i n c r e a s e  i n  

t h e  r a t e  of escape of t h e  charged p a r t i c l e s  from t h e  p o s i t i v e  column o f  

a d ischarge  i n  a s t r o n g  magnetic f i e l d  as w e l l  as t h e  observed o s c i l l a -  

t i o n s  and n o i s e s  a r e  due t o  t h e  onse t  and  development of a h e l i c a l  i n s t a -  

b i l i t y  o f  t h e  plasma column. 

8. Di f fus ion  i n  a Discharge w i t h  O s c i l l a t i n g  E lec t rons  

A diagram of  a d i scha rge  wi th  o s c i l l a t i n g  e l e c t r o n s  (a  Penning d i s -  

charge)  is shown i n  Fig.  16. I n  t h i s  type o f  discharge,  t he  e l e c t r o n s  

o s c i l l a t e  between t h e  cathode and  t h e  r e f l e c t o r  (which a r e  connected 

e l e c t r i c a l l y )  u n t i l  t h e y  reach  t h e  anode A as  a r e s u l t  of  displacement 

a c r o s s  t h e  magnetic f i e l d .  The r a t i o  o f  t h e  plasma concen t r a t ion  on 

t h e  pe r iphe ry  o f  t h e  d i scha rge  ( i n  t h e  v i c i n i t y  of  t h e  l i n e s  o f  f o r c e  

of t h e  magnetic f i e l d  i n t e r s e c t i n g  t h e  anode) t o  t h e  concen t r a t ion  i n  
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t h e  c e n t r a l  reg ion  n /no may s e r v e  as a measure f o r  determining t h e  

ra te  of d i f f u s i o n  o f  t h e  plasma a c r o s s  the  magnetic f i e l d .  Th i s  r a t i o  

a 

was determined i n  t h e  work of  French i n v e s t i g a t o r s  f o r  v a r i o u s  experi-  

mental  cond i t ions  C86-881. The plasma concen t r a t ion  was measured by 

means of probes (from t h e  i o n  c u r r e n t  t o  the  probes) .  

The r e s u l t s  o f  measurement n /n f o r  a Penning d ischarge  wi th  a a o  

co ld  cathode i n  hydrogen are  shown i n  Fig.  17. A t  small magnetic f i e l d s ,  

t h e  r a t i o  ha/no decrease6 monotonical ly  wi th  a r i s e  i n  t h e  magnetic 

f i e l d  and i n c r e a s e s  w i t h  t h e  pressure .  Such a v a r i a t i o n  c o r r e l a t e s  wi th  

t h e  v a r i a t i o n  i n  t h e  r a t e  of d i f f u s i o n  caused by t h e  c o l l i s i o n s .  How- 

eve r ,  s t a r t i n g  a t  t h e  c r i t i c a l  f i e l d  H c r r  t h e  r a t i o  na/no i n c r e a s e s ,  wh i l e  

i n  a " s u p e r c r i t i c a l "  regime, n /n decreases  as  t h e  p re s su re  i n c r e a s e s .  

The va lue  o f  Her r o s e  with an i n c r e a s e  i n  p r e s s u r e  and a dec rease  i n  t h e  

r a d i u s  of t h e  d ischarge ,  and remained p r a c t i c a l l y  unchanged as  t h e  d i s -  

a o  

charge c u r r e n t  changed by a f a c t o r  o f  10. A t  f i e l d s  somewhat i n  excess  o f  

t h e  c r i t i c a l  va lue ,  i n t e n s e  n o i s e s  were observed. I n  a d d i t i o n  t o  t h e  low 

frequency o s c i l l a t i o n s ,  no i se s  were d e t e c t e d  by means o f  an e x t e r n a l  de- 

t e c t o r  a t  f r equenc ie s  of about 1,000 MC. The change i n  t h e  ampli tude o f  

t h e  n o i s e s  corresponded q u a l i t a t i v e l y  t o  t h e  change i n  t h e  va lue  n /hoe a 

S i m i l a r  e f f e c t s  were observed i n  a Penning d i scha rge  wi th  an  incandescent  

cathode f o r  cons iderable  dimensions of  t h e  appa ra tus  (a l e n g t h  o f  about  

1 m). The anomalous c h a r a c t e r  o f  t h e  change i n  na/n and t h e  appearance 
0 

-H 
Fig.  16. Diagram of a d ischarge  
with o s c i l l a t i n g  e l e c t r o n s .  

A 

H H 
ZJ t: 

' e  . . 
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of  i n t e n s e  n o i s e s  i n  magnetic f i e l d s  g r e a t e r  t han  t h e  c r i t i c a l ,  obvious- 

l y  i n d i c a t e  t h e  onse t  o f  an u n s t a b l e  s t a t e  i n  t h e  Penning d i scha rge ,  

c h a r a c t e r i z e d  by a n  a c c e l e r a t e d  t r a n s v e r s e  t r a n s p o r t  o f  p a r t i c l e s .  The 

n a t u r e  o f  t h e  observed anomalies 

"I 
1 

I 
i 

is unc lea r ,  

b i l i t i e s  are p o s s i b l e  which are due t o  t h e  a n i s o t r o p y  o f  t h e  v e l o c i t y  

d i s t r i b u t i o n  f u n c t i o n  o f  e l e c t r o n s  and t o  t h e  e l e c t r i c  f i e l d s  i n  t h e  

plasma, However, a conc re t e  a n a l y s i s  o f  t he  mechanism of t h e s e  i n s t a -  

b i l i t i e s  is  l ack ing .  

9. D i f f u s i o n  i n  a Decaying Plasma 

We have p resen ted  above t h e  r e s u l t s  of  a s e r i e s  of experiments  

i n  which a n  anomalously f a s t  motion o f  t h e  charged p a r t i c l e s  a c r o s s  

t h e  magnetic f i e l d  was observed. I n  t h e  ma jo r i ty  o f  c a s e s ,  t h e  anom- 

a l i e s  observed a r e  a t t r i b u t e d  t o  t h e  p re sence  of a c u r r e n t  through t h e  

plasma o r  t o  a s t r o n g  d i r e c t e d  motion o f  t h e  charged p a r t i c l e s .  For  

t h i s  reason ,  i n  checking t h e  d i f f u s i o n  theo ry ,  i t  is p a r t i c u l a r l y  i n t e r -  

e s t i n g  t o  c o n s i d e r  t h e  s t u d i e s  o f  t h e  d i f f u s i o n  o f  a decaying  plasma 

which can b e  conducted under c o n d i t i o n s  where t h e  s t a t e  o f  t h e  plasma 

i s  c l o s e  t o  one of equi l ibr ium.  

The f i r s t  experiments  i n  t h e  s t u d y  o f  plasma decay i n  a magnetic 
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f i e l d  were c a r r i e d  out  by B o s t i k  and  Levine i n  a t o r o i d a l  chamber C89-j. 

I n  s u c h  geometry, t h e  magnet ic  f i e l d  is inhomogeneous and t h e  d i f f u s i o n  

of t h e  plasma is masked t o  a cons ide rab le  e x t e n t  by t h e  t o r o i d a l  d r i f t .  

Neve r the l e s s ,  we s h a l l  dwell  on t h e  r e s u l t s  of r e f e r e n c e  C891, s i n c e  

they  are  o f t e n  used  i n  a n  a n a l y s i s  o f  t h e  t r a n s v e r s e  d i f f u s i o n  of  a p l a s -  

m a .  

The plasma was s t u d i e d  i n  a m e t a l l i c  t o r o i d a l  vacuum chamber o f  

r e c t a n g u l a r  c ros s - sec t ion ,  This  chamber func t ioned  s imul taneous ly  as 

a r e s o n a t o r  e x c i t e d  a t  two spaced  f r equenc ie s  i n  t h e  10 cm range. Under 

t h e  i n f l u e n c e  o f  t h e  h igh  frequency power, a n  impuls ive  d i s c h a r g e  i n  t h e  

gas f i l l i n g  t h e  chamber was achieved  a t  one o f  t h e  resonance f requencies .  

The s h i f t  o f  t h e  resonance frequency cor responding  t o  t h e  second reson-  

ance  was measured by means of  a measuring g e n e r a t o r  dur ing  t h e  p e r i o d  be- 

tween t h e  pulses .  The frequency s h i f t  i s  p r o p o r t i o n a l  t o  t h e  mean con- 

c e n t r a t i o n  o f  t h e  plasma under c e r t a i n  c o n d i t i o n s  ( s e e  f o r  example re- 

f e rence  C90]>. The change i n  t h e  concen t r a t ion  o f  t h e  decaying plasma 

and the  t i m e  cons t an t  of plasma decay "r were t h u s  determined. 

of i n  helium was approximately l i n e a r  and i n c r e a s e d  when ' the  p r e s s u r e  

The va lue  

was r a i s e d  from 0.05 t o  0.35 mm Hg.  When t h e  magnetic f i e l d  w a s  changed 

from 160 t o  1400 Oe, t h e  measured time cons tan t  had a maximum. The 

p resence  of  a m a x i m u m  has  been cons idered  by many as evidence of  t h e  

"anomalous" t r a n s v e r s e  d i f f u s i o n .  * This  i n t e r p r e t a t i o n  is  n o t  convincing 

i n  ou r  view, s i n c e  i t  does not  a l low f o r  the  e f f e c t  of t h e  t o r o i d a l  d r i f t  

*The o s c i l l a t i o n s  a s s o c i a t e d  w i t h  plasma decay de tec t ed  i n  r e f e r e n c e  C89l 
a r e  sometimes cons idered  as a n o t h e r  i n d i c a t i o n  o f  t h e  anomalous phenomena. 
However, r e f e r e n c e  C89l does not e x p l a i n  under  what c o n d i t i o n s  t h e  o s c i l -  
l a t i o n s  were observed. I n  p a r t i c u l a r ,  i t  i s  not  c l e a r  whether t h e  c u r r e n t  
through t h e  plasma d u r i n g  t h e  p e r i o d  of o s c i l l a t i o n s  is completely absent .  
No c o r r e l a t i o n  has  been e s t a b l i s h e d  between t h e  observed o s c i l l a t i o n s  a n d  
t h e  r a t e  o f  plasma decay. 



caused by t h e  inhomogeneity o f  t h e  magnetic f i e l d  on  t h e  plasma decay. 

Furthermore,  t h e  r e l a t i v e l y  weak dependence o f  t h e  r a t e  o f  plasma decay 

on t h e  magnetic f i e l d  was e s t a b l i s h e d  i n  r e f e r e n c e  C89l (an 8--1o-f01.d 

i n c r e a s e  i n  H produces a 1.5-2-fold i n c r e a s e  i n  r )  as w e l l  a s  a de- 

c r e a s e  i n  t h e  r a t e  o f  decay a s s o c i a t e d  wi th  an  i n c r e a s e  i n  p r e s s u r e ,  i s  

c h a r a c t e r i s t i c  of a t o r o i d a l  d r i f t  o f  charged p a r t i c l e s  i n  a n e u t r a l  

gas, Therefore ,  t h e  r e s u l t s  ob ta ined  i n  r e f e r e n c e  C891 obviously cannot 

b e  expla ined  by t h e  t o r o i d a l  d r i f t  of t h e  plasma. I n  any even t ,  t h e  d a t a  

of  t h i s  work can p rov ide  very  l i t t l e  in fo rma t ion  o f  t h e  t r a n s v e r s e  d i f -  

fu s ion  a t  magnetic f i e l d s  g r e a t e r  t h a n  200--300 O e ,  s i n c e  t h e  ra te  of  

d i f f u s i o n  i s  found t o  be  l e s s  than  t h e  r a t e  o f  t h e  t o r o i d a l  d r i f t .  

I n v e s t i g a t i o n s  o f  plasma decay i n  a homogeneous magnetic f i e l d  were 

c a r r i e d  o u t  by us ing  t h e  sounding method and t h e  microwave method. I n  

t h e  experiments o f  Granovski i  and coworkers c91-931, t h e  plasma decay 

was s t u d i e d  by means of probes. The plasma was gene ra t ed  i n  c y l i n d r i c a l  

g l a s s  b o t t l e s  2-3 cm i n  d iameter  by means of pu l se s  of a high-frequency 

d ischarge  o r  a d ischarge  wi th  an incandescent  cathode. The change i n  t h e  

i o n  c u r r e n t  t o  t h e  probes (I-), i n t roduced  i n t o  t h e  b o t t l e  were recorded  
a 

dur ing  t h e  i n t e r v a l  between t h e  pulses .  The s l o p e  of  

was used t o  determine t h e  time cons tan t  of  t h e  plasma 

s t a g e  ( (immediately a f t e r  t h e  d ischarge  p u l s e )  and 

( appa ren t ly ,  a few hundred microseconds a f t e r  t h e  r1 

t he  curves  In I ,=f(t)  

decay i n  t h e  i n i t i a l  

a t  a l a t e r  s tage 

pu l se ) .  The meas- 
10 urements were c a r r i e d  o u t  a t  plasma c o n c e n t r a t i o n s  g r e a t e r  than  109=--10 

cm e 
-3 

The dependence o f  T o n  t h e  magnetic f i e l d  i n  helium and argon,  ob- 

t a i n e d  i n  r e fe rences  [91--931 f o r  s e v e r a l  c a s e s ,  i s  shown i n  Fig.  18. 

A t  magnetic f i e l d s  g r e a t e r  than 500--1,000 Oe, t h e  time cons t an t s  undergo 

l i t t l e  change, The s a t u r a t i o n  o f  t h e  curves may be  due t o  t h e  bulk 
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processes  o f  removal o f  charged p a r t i c l e s ,  such as t h e  e l e c t r o n - i o n  

recombinat ion and  t h e  cap tu re  o f  e l e c t r o n s  by t h e  molecules  of  e lec-  

t r o n e g a t i v e  i m p u r i t i e s  w i t h  subsequent  i o n i c  recombinat ion.  To v e r i f y  

t h e  i n f l u e n c e  of  b u l k  p rocesses ,  a de te rmina t ion  was made i n  r e f e r e n c e  

[92] of t h e  r e l a t i o n  between t h e  t o t a l  number o f  p a r t i c l e s  e scap ing  t o  

t h e  s u r f a c e  of  t h e  b o t t l e  and measured by t h e  i o n  c u r r e n t s  t o  t h e  w a l l  

probes,  and  t h e  i n i t i a l  number o f  charged  p a r t i c l e s  e s t ima ted  from t h e  

i o n i c  c u r r e n t s  t o  t h e  p robes  p l aced  i n s i d e  t h e  volume of t h e  b o t t l e .  

$. 50 #I//< 

0 500 iuuo 0 loo0 zuuo 3uuu 
t 6) 8) 4 3  

43 ffl 

The r e s u l t s  o f  t h e s e  measurements c l e a r l y  show t h e  e s s e n t i a l  r o l e  o f  t h e  

b u l k  p rocesses  o f  removal o f  charged p a r t i c l e s  a s s o c i a t e d  w i t h  the  decay 

o f  t h e  helium plasma under t h e  c o n d i t i o n s  of  t h e  experiments  descr ibed .  

Thus, t h e  cu rves  

a t  s m a l l  magnetic f i e l d s  (from 500--1,000 Oe). Q u a l i t a t i v e l y ,  the  course  

o f  t h e  c u r v e s  i n  t h i s  r eg ion  ag rees  w i t h  t h e  d i f f u s i o n  theory.  However, 

a q u a n t i t a t i v e  comparison i s  d i f f i c u l t  because t h e  plasma parameters  have 

n o t  been f u l l y  determined. Sounding measurements i n  a magnetic f i e l d  

determine only  t h e  o r d e r  of magnitude o f  t h e  plasma concen t r a t ion .  Dur- 

i n g  t h e  i n i t i a l  s t a g e s  o f  plasma deeay, t h e  e l e c t r o n  and the  i o n  temper- 

a t u r e  a r e  n o t  known e i t h e r .  A s u i t a b l e  s e l e c t i o n  o f  t he  parameters  can 

i n s u r e  agreement between t h e  experimental  and t h e  c a l c u l a t e d  v a l u e s  of y. 

T ( H )  a r e  determined by d i f f u s i o n  of t h e  plasma only  
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I t  fo l lows  from t h e  above t h a t  t h e  r e s u l t s  of t h e  experiments  de- 

s c r i b e d  i n  r e f e r e n c e s  [91--93] do n o t  c o n t r a d i c t  t h e  d i f f u s i o n  t h e o r y ,  

bu t  t h e s e  r e s u l t s  a r e  i n s u f f i c i e n t  f o r  a q u a l i t a t i v e  v e r i f i c a t i o n  o f  t h e  

theory.  

H - 
/ 
P6 

I 1 Fig,  19. Diagram of t h e  i n t r o -  
duc t ion  o f  plasma i n t o  measuring 
waveguides and r e s o n a t o r s ,  

-cathode; & -anode: PB c --is- 

charge  b o t t l e  ; -waveguide ; 

'6 4 

~~ ~~j P e s  - -cavi ty  r e sona to r .  

P&. 
~e3. '6 

6) f l  

The use  of  microwave methods o f  i n v e s t i g a t i o n  E901 has  made i t  pos- 

8 12 s i b l e  t o  s t u d y  t h e  plasma decay of  c o n c e n t r a t i o n s  from 107--10 t o  10 -- 
cmo3 ( t h e  decay i n  helium w a s  s t u d i e d ) .  I n  t h i s  s e c t i o n ,  we s h a l l  

examine t h e  r e s u l t s  o f  i n v e s t i g a t i o n s  conducted a t  s m a l l  c o n c e n t r a t i o n s  

a t  which t h e  c o l l i s i o n s  o f  t h e  charged p a r t i c l e s  w i t h  one ano the r  a re  

n o t  e s s e n t i a l .  

I n  t h e  work of Z h i l i n s k i i  and the  a u t h o r  c94-951, t h e  plasma decay 

i n  a magnetic f i e l d  was s t u d i e d  by t h e  waveguide method. A c y l i n d r i c a l  

glass b o t t l e  wi th  a n  i n n e r  d iameter  o f  1,6--2.0 c m  and  110 cm long  w a s  

p l a c e d  i n  a c y l i n d r i c a l  waveguide (Fig.  19a ) .  The plasma wa6 g e n e r a t e d  

i n  helium by p u l s e s  o f  a c u r r e n t  d i scha rge  1--2 s e c  long.  The change 

wi th  time i n  t h e  phase s h i f t  o f  t h e  3-cent imeter  waves passed through 

t h e  plasma was measured d u r i n g  t h e  per iod  between t h e  pu l ses .  

The magnitude of  t h i s  s h i f t  de te rmines  t h e  average  concen t r a t ion  
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of  t h e  e l e c t r o n s .  The c h a r a c t e r i s t i c  cu rves  o f  t h e  concen t r a t ion  change 

on a semi logar i thmic  s c a l e  a r e  shown i n  Fig.  20. As can be s e e n  from 

t h e  f i g u r e ,  a t  concen t r a t ions  o f  1 0 9 - - d 0  cmS3, t h e  plasma decay is ex- 

p o n e n t i a l .  T h i s  means t h a t  t h e  n o n l i n e a r  p rocesses ,  i .e. ,  t h e  d i f f u -  

s i o n  caused by e l ec t ron - ion  c o l l i s i o n s  and t h e  recombinat ion,  a r e  n o t  

e s s e n t i a l .  Simple estimates i n d i c a t e  t h a t  t h e  es tab l i shment  of a temper- 

a t u r e  equ i l ib r ium between e l e c t r o n s ,  i o n s  and n e u t r a l  g a s ,  and  t h e  es- 

tab l i shment  o f  a d i f f u s i o n a l  ra te  of d i s t r i b u t i o n  o f  t h e  charged p a r t i -  

c l e s  t ake  p l a c e  du r ing  t h e  e a r l i e r  s t a g e s  of plasma decay. Th i s  i s  

Fig.  20. V a r i a t i o n  o f  t h e  concen t r a t ion  o f  charged  p a r t i c l e s  i n  
t h e  p rocess  o f  plasma decay. 
p xz 0,08 llun Hg; 1 H'='30030s; 2 49 Oe; 3 - 650 Oe: 4 - 1000 Oe; 

5 - 1!jao Oe; 6 - 2000 Oe. 

confirmed by t h e  i d e n t i c a l  cour se  o f  t h e  decay c u r v e s  a t  v a r i o u s  i n i t i a l  

concen t r a t ions .  Thus, i n  accordance w i t h  (3.41) t h e  " l i n e a r "  c o e f f i c i e n t  

o f  t r a n s v e r s e  d i f f u s i o n  

I 

c an  b e  determined from t h e  s l o p e  of  

t r a t i o n s .  

Fig.  21 shows t h e  r e s u l t s  o f  a 

. -- 

- 
t h e  curves  I n  E ( t )  a t  s m a l l  concen- 

de t e rmina t ion  o f  t h e  d i f f u s i o n  
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t h e  theory.  The r a t e  of  plasma decay determined exper imenta l ly  i s  found 

t o  b e  cons iderably  g r e a t e r  than  t h e  t h e o r e t i c a l  va lue ,  p a r t i c u l a r l y  a t  

low p res su res ,  The cause  of t h i s  discrepancy h a s  n o t  been e s t ab l i shed .*  

The component of t h e  decay r a t e  which i s  no t  dependent on  t h e  magnetic 

f i e l d  i s  p o s s i b l y  r e l a t e d  t o  t h e  bulk  processes  o f  removal However, 

t h e r e  is an  impor tan t  p a r t  of  t h e  d i f f u s i o n  c o e f f i c i e n t  which decreases  

r a p i d l y  wi th  t h e  magnetic f i e l d  b u t  is  weakly dependent on t h e  pressure .  

It is  as if w e  were d e a l i n g  w i t h  some s o r t  of  d i f f u s i o n  mechanism which 

was not  r e l a t e d  t o  t h e  electron-atom c o l l i s i o n s .  The a r b i t r a r y  " c o l l i -  

s i o n  frequency" determining t h e  e f f e c t i v e n e s s  o f  t h i s  mechanism is  about  

8 -1 5 x 10 s e c  

Alikhanov, Derairkhanov and coworkers s t u d i e d  t h e  plasma decay i n  a 
-I 

glass b o t t l e  o f  large d iameter  J(2n=7 u t ,  d=70-c~t) c971. The b o t t l e  

w a s  completely i n s e r t e d  i n t o  a c a v i t y  r e sona to r  ( s e e  Fig.  l 9 c ) .  

*It i s  p o s s i b l e  t h a t  t h e  d iscrepancy  i s  p a r t l y  due t o  t h e  d e v i a t i o n  of  
t h e  e l e c t r o n  temperature  from t h e  temperature  o f  t h e  gas. 

...- 

A 

a4 



discharge  was e x c i t e d  i n  t h e  gas  a t  one o f  t h e  resonance f requencies .  

The concen t r a t ion  a t  plasma decay w a s  determined from t h e  frequency 

s h i f t  corresponding t o  t h e  o t h e r  resonance. The r e s u l t s  of measurements 

o f  t h e  plasma decay cons tan t  i n  helium a t  p res su res  of 0.025--0.2 mm Hg 

i n  magnetic f i e l d s  up t o  6,000 O e  a r e  i n  agreement wi th  t h e  t h e o r e t i c a l  

va lues ,  Owing t o  t h e  comparatively small r a t i o  o f  t h e  l e n g t h  o f  t h e  d i s -  

charge b o t t l e  t o  i t s  diameter  ( z  -10) t h e  t r a n s v e r s e  d i f f u s i o n  of  t h e  

plasma a t  magnetic f i e l d s  g r e a t e r  than 100--500 Oe i s  masked by t h e  

l o n g i t u d i n a l  d i f f u s i o n .  The d a t a  of r e f e r e n c e  C971 seem t o  i n d i c a t e  t h a t  

t h e  r a t e  of t r a n s v e r s e  d i f f u s i o n  o f  t h e  plasma i n  t h e  la rge-d iameter  

b o t t l e  a g r e e s  wi th  t h e  t h e o r e t i c a l  va lue  a t  magnetic f i e l d s  l e s s  t han  a 

few hundred oe r s t eds .  

d 

A l l  o f  t h e  r e s u l t s  c i t e d  above were obta ined  i n  d i e l e c t r i c  d i scharge  

b o t t l e s .  The e f f e c t  of  metal l ic  s u r f a c e s  on t h e  plasma decay was s t u d i e d  

i n  r e f e r e n c e  [54]. A copper tube  110 cm l o n g  and  about 2.0 cm i n  diam- 

e t e r  w a s  p l aced  i n s i d e  a g l a s s  d i s c h a r g e  b o t t l e .  This  tube  s e r v e d  as 

t h e  wave guide  w i t h  which t h e  concen t r a t ion  w a s  measured i n  t h e  course  

o f  t h e  plasma decay. I n  a homogeneous magnetic f i e l d ,  t h e  r a t e  o f  decay 

i n  t h e  presence of a m e t a l l i c  t u b e  was found t o  be approximately t h e  same 

as i n  a b o t t l e  wi thout  any metal. To imi ta te  a plasma decay bounded on 

a l l  s i d e s  by a conduct ing s u r f a c e ,  measurements were undertaken i n  an 

inhomogeneous f i e l d .  

f i e l d  w a s  i n c r e a s e d  so t h a t  t h e  ends o f  t h e  b o t t l e  with t h e  meta l l i c  tube  

were o u t s i d e  t h e  s o l e n o i d ,  i . e . ,  so t h a t  t h e  l i n e s  o f  f o r c e  o f  t h e  magnetic 

f i e l d  i n t e r s e c t e d  t h e  m e t a l l i c  s u r f a c e .  A s  can be  seen  i n  Fig.  22, a 

s u b s t a n t i a l  decrease  of  t h e  decay cons tan t  was observed a t  l a r g e  magnetic 

f i e l d s ,  The replacement of t h e  cont inuous m e t a l l i c  tube  i n  t h e  b o t t l e  

The l e n g t h  o f  t h e  so l eno id  producing t h e  magnetic 
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f i e x  = 3 = oeJ 

Fig. 22. Dependence o f  1fT on H. 

Experimental  curves:  1, b o t t l e  con- 
t a i n s  a tube made o f  i n s u l a t e d  metal-  
l i c  r i n g s ,  p = 0.025 mm He;; 
geneous magnetic f i e l d s ;  A, 
t h e  tube o u t s i d e  t h e  f i e l d ;  2, g l a s s  
b o t t l e  without  a m e t a l l i c  tube ,  p = 
0.035 mm Hg; 3 ,  b o t t l e  c o n t a i n s  a 
cont inuous m e t a l l i c  tube ,  magnetic 
f i e l d  i s  homogeneous, p = 0.08 mm H g ;  
4 ,  b o t t l e  con ta ins  a continuous metal-  
l i c  tube ,  ends of t h e  tube  o u t s i d e  t h e  
f i e l d ,  p = 0.08 mm Hg. The broken 
l i n e  r e p r e s e n t s  t h e  c a l c u l a t e d  curve 
f o r  t h e  decay i n  a m e t a l l i c  b o t t l e ,  
p = 0.08 mm Hg.  

by a tube c o n s i s t i n g  of i n s u l a t e d  m e t a l l i c  r i n g s  (each 10 cm long)  l e a d s  

t o  t h e  e l i m i n a t i o n  o f  t h e  observed e f f e c t s .  This  shows t h a t  t h e  plasma 

decay cons t an t  i n  t h e  m e t a l l i c  b o t t l e  i s  due t o  t h e  e q u a l i z a t i o n  o f  PO- 

t e n t i a l s  a t  t h e  plasma boundar ies ,  i . e . ,  t o  t h e  s h o r t - c i r c u i t i n g  e f f e c t .  

A q u a n t i t a t i v e  comparison of  t h e  experimental  r e s u l t s  with t h e  theory o f  

d i f f u s i o n  i n  a m e t a l l i c  b o t t l e  expounded i n  3 of  chap te r  I is d i f f i c u l t ,  

s i n c e  t h e  causes  l e a d i n g  to  a n  a c c e l e r a t e d  d i f f u s i o n  i n  a d i e l e c t r i c  bot-  

t l e  a r e  not c l e a r .  I f  i t  i s  assumed t h a t  t h e  e f f e c t i v e  c o l l i s i o n  frequency 

of t h e  e l e c t r o n s  i n  a magnetic f i e l d  is i n c r e a s e d ,  and i f  t h i s  frequency 

i s  determined from experiments on t h e  d i f f u s i o n  i n  a d i e l e c t r i c  b o t t l e ,  
i) 

i t  is p o s s i b l e  t o  c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  a m e t a l l i c  bo t -  

t l e  by means of  r e l a t i o n s  (3.431, (3.45), (1.10) and (1.11). The r e s u l t s  

of  such  c a l c u l a t i o n s  ag ree  with t h e  experimental  da t a ,  
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111. EXPERIMENTAL INVESTIGATIONS OF THE DIFFUSION 

GAS I N  A NAGNETIC FIELD 
OF CHARGED PARTICLES OF A STRONGLY IONIZED 

10, Decay o f  Dense Plasma i n  a Magnetic F ie ld .  

A t  h igh  plasma concen t r a t ions ,  non l inea r  processes  - t h e  d i f f u s i o n  

caused by e l ec t ron - ion  c o l l i s i o n s  and  t h e  recombination - should  have a 

s u b s t a n t i a l  e f f e c t  on t h e  decay of t h e  plasma. Therefore ,  by measuring 

t h e  ra te  o f  plasma decay, i t  is p o s s i b l e  t o  o b t a i n  d a t a  on t h e  d i f f u s i o n  

due t o  e l ec t ron - ion  c o l l i s i o n s .  

Le t  u s  f i r s t  examine t h e  d a t a  ob ta ined  i n  r e f e r e n c e s  [94, 541 f o r  

measurements o f  t h e  r a t e  o f  plasma decay i n  helium, performed by t h e  

waveguide method. I n  t h e  preceeding s e c t i o n  we showed a diagram o f  

t h e s e  measurements ( s e e  Fig.  19a )  and t h e  r e s u l t s  of  i n v e s t i g a t i o n s  at 

small plasma concen t r a t ions  when a major p a r t  is played by l i n e a r  proc- 

e s s e s ,  and t h e  plasma decay i s  exponent ia l .  A t  plasma concen t r a t ions  

i n  excess  of  iOQ-lO1O c.4C3, the r e c i p r o c a l  of  t h e  decay t ime cons tan t  

-- i d <  r - F x  Ll0.1) 

i n c r e a s e s  markedly w i t h  t h e  concen t r a t ion  ( see  Fig. 20). The e f f e c t i v e -  

nes s  of  t h e  non l inea r  p rocesses  may be  c h a r a c t e r i z e d  by t h e  quan t i ty  
A ( + ) = - - -  1 1' 

% T o  ( T o  is t h e  decay t i m e  cons tan t  a t  s m a l l  concen t r a t ions ) .  

An i n t e r p r e t a t i o n  o f  t h e  plasma decay curves  showed t h a t  t h i s  q u a n t i t y  

changes i n  approximate p ropor t ion  t o  t h e  plasma concen t r a t ion  a t  magnetic 

f i e l d s  of 3OO--2,OOO Oe, Fig. 23  shows t h e  dependence o f  A( l / r )  on t h e  

magnetic f i e l d  a t  a concen t r a t ion  of  

o f  0.02--0.8 mm Hg. I t  i s  ev iden t  t h a t  t h e  non l inea r  increment  i n  t h e  

- 
n=2.1010Cdt-3 and a t  helium p r e s s u r e s  

r a t e  of  decay a t  a f i x e d  plasma concen t r a t ion  is almost  independent of 

t h e  p r e s s u r e  i n  t h e  n e u t r a l  gas. Analys is  o f  t h e  curve i n  Fig. 23 may 

be performed by u s i n g  r e l a t i o n  (3 .53 ) :  



A t  magnetic f i e l d s  g r e a t e r  t han  1,500 Oe, t h e  dependence of,A(l/ t)  on t h e  

magnetic f i e l d  is weak, Th i s  e v i d e n t l y  means t h a t  t h e  d i f f u s i o n  is 

masked by t h e  recombinat ion.  Having determined t h e  recombinat ion c o e f f i -  

c i e n t  (a=3.10's c d  c e R - l )  from t h e  curve of  Fig.  23, one can r e a d i l y  o b t a i n  

t h e  v a l u e s  o f  t h e  c o e f f i c i e n t  'ij 

The r e s u l t  o f  a de te rmina t ion  of  zei a t  magnetic f i e l d s  o f  500 and 1,000 

Oe a re  g iven  i n  Fig.  25. changes 

i n  p ropor t ion  t o  t h e  mean c o n c e n t r a t i o n  (in t h e  range  of 5~1Oo-1OL~cu-~ 1 

and i n  i n v e r s e  p ropor t ion  t o  t h e  s q u a r e  o f  t h e  magnetic f i e l d  s t r e n g t h ,  

wi th  t h e  a i d  of  t h e  above formula.  e i  

According t o  theo ry ,  t h e  q u a n t i t y  5 e i  

1 hex =sec; 3 = ~e 1 
ependence of  /A-&) on H. 

. I  
I /a3 
8 
6 
4 

2 
\ 

(in the  caaaeda s\ 

d -ZZf*iO-@ CM~ICOFE, T = 3 0 0 *  IC, A =  8, 
(I = 0,8 CM). 

. 2 4 6 8 1 0 3 '  2 4 . .  
1.3 [pT.CT-= Hg] 

Anisimov, Vinogradov, Konstantinov and t h e  a u t h o r  E981 used t h e  

microwave method o f  " f r e e  space"  i n  s tudy ing  t h e  plasma decay a t  high 

concen t r a t ions .  I n  t h e s e  exper iments ,  t h e  plasma w a s  gene ra t ed  i n  a 

c y l i n d r i c a l  g l a s s  b o t t l e  8.0 cm i n  diameter  f i l l e d  wi th  helium, by means 

o f  p u l s e s  o f  an i n d u c t i o n  o r  an e l e c t r o d e  d ischarge .  To determine t h e  

concen t r a t ion  i n  t h e  cour se  of  t h e  plasma decay, t h e  plasma was sounded 

a t  t h r e e  f r e q u e n c i e s  s imul taneous ly .  By measuring t h e  phases  o f  t h e  

r e f l e c t e d  waves a t  s e v e r a l  f r e q u e n c i e s  lower  t h a n  t h e  "cut-of f" f r e -  

quency, i t  was p o s s i b l e  t o  determine t h e  p o s i t i o n s  of t h e  "regions" o f  
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r e f l e c t i o n  f o r  t h e s e  f r equenc ie s  ( i . e . ,  r e g i o n s  where t h e  concen t r a t ion  

is c l o s e  t o  c r i t i c a l )  C991. The average c o n c e n t r a t i o n  w a s  determined 

from t h e  

F ig .  

phase 

24. 

of  t h e  wave pass ing  through t h e  plasma, 

m 

R a d i a l  d i s t r i b u t i o n  of  charged plasma p a r t i c l e s .  
a )  H - 0; 1 - f = 0.3 M c e q  2 - 0,5 Aces,  9 - 0,65 Mcex; - 0.65 a c e 3  3 - 0.9 r i c e r  

The b r ~ ~ e ~  Pines represent the calc 
L - M C ~ K  = msec, ’j’ 

Data were t h u s  o b t a i n e d  on t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  charged 

p a r t i c l e s *  (Fig.  24). These d a t a  a r e  confirmed by measurements o f  t h e  

glow emi t t ed  by t h e  plasma. I n  t h e  absence of a magnetic f i e l d ,  t h e  

concen t r a t ion  d i s t r i b u t i o n  i s  close t o  t h e  d i f f u s i o n a l  d i s t r i b u t i o n  de- 

s c r i b e d  by a Besse l  func t ion .  I n  a magnetic f i e l d  of  1,000--2,000 O e ,  

t h e  concen t r a t ion  d i s t r i b u t i o n  i s  compressed, due t o  n o n l i n e a r  processes .  

T h i s  corresponds t o  t h e  r e s u l t s  of  t h e  approximate c a l c u l a t i o n  g iven  i n  

3 o f  chap te r  I. 

The decay c o n s t a n t  of t h e  plasma w a s  de te rmined  from t h e  change i n  

t h e  t i m e  of t h e  average  concen t r a t ion .  A t  magnetic f i e l d s  i n  excess  o f  

1,000--1,500 O e ,  t h e  r a t e  o f  t h e  plasma decay ceases to depend on t h e  

magnet ic  f i e l d .  The decay curves  i n  t h i s  r eg ion  a r e  i n  good agreement 

w i t h  t h e  cu rves  ob ta ined  from t h e  s t u d y  of  plasma decay i n  s t r o n g  

*The t r a p e z o i d a l  d i s t r i b u t i o n  form was t aken  f o r  t h e  t rea tment  o f  t h e  
experimental  da t a .  



magnetic f i e l d s  ( R  = 3O,OOO Oe) i n  t h e  American device t h e  " S t e l l a r a t o r  

V-1" ClOO],  As was shown i n  r e f e r e n c e s  [loo, 1011 t he  shape of  t h e  

curves appears  t o  be determined by t h e  recombinat ion caused by c o l l i s i o n s  

o f  an i o n  w i t h  two e l e c t r o n s .  

A t  magnetic f i e l d s  l e s s  than 1,000 Oe, i t  i s  poss ib l e  t o  determine 

t h e  t*d i f fus ionf f  time cons t an t  by s u b t r a c t i n g  t h e  r a t e  of recombination 

') e 
The dependence of  t h i s  con- t i  from t h e  t o t a l  r a t e  of decay i(~'y'--;; 

s t a n t  on t h e  magnetic f i e l d  and t h e  concen t r a t ion  corresponds t o  t h e  

t h e o r e t i c a l  dependence. 

R e s u l t s  of  t h e  de te rmina t ion  of  t h e  c o e f f i c i e n t  o f  "nonl inearrf  d i f -  

fu s ion  a r e  g iven  i n  F ig .  25, This  f i g u r e  also shows t h e  r e s u l t s  of ca l -  

c u l a t i o n s  o f  Eei by means o f  formula (2.78). I n  t h e  c a l c u l a t i o n s  of  t h e  

temperature  and  of  t h e  Coulombic loga r i thm,  i t  was assumed t h a t  

1T==300" l i ,  A = &  Rela t ions  (2.80) a t  plasma concen t r a t ions  of 5:-10'---(i.10'2 CP 

l e a d  t o  v a l u e s  o f  t h e  Coulombic loga r i thm of i1=2,5--7, It  should  be noted ,  

however, t h a t  s i n c e  t h e  va lues  o f  A are small and t h e  Debye and Larmor 

r a d i i  are similar under t h e  exper imenta l  cond i t ions  desc r ibed ,  r e l a t i o n s  

(2.80) determine A t o  w i t h i n  s e v e r a l  u n i t s .  For t h i s  r eason ,  t h e  agree- 

ment between t h e  r e s u l t s  of t h e  experimental  de te rmina t ion  of 5 and t h e  

t h e o r e t i c a l  r e s u l t s  i s  s a t i s f a c t o r y .  

e i  

Thus, i t  fol lows from r e f e r e n c e s  C98, 541 t h a t  t h e  n o n l i n e a r  p a r t  

o f  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  plasina c o n c e n t r a t i o n s  of 

and magnetic f i e l d s  up t o  1,500 O e  is  adequate ly  descr ibed  by t h e  theory  

fi*10' --5*10'a C A P  

o f  d i f f u s i o n  based on t h e  c o n s i d e r a t i o n  o f  e l ec t ron - ion  c o l l i s i o n s .  

11. Dif fus ion  i n  a S t a t i o n a r y  Cesium and Potassium Plasma 

I n  gases  w i t h  a low i o n i z a t i o n  p o t e n t i a l ,  t h e  s u r f a c e  i o n i z a t i o n  

may b e  used  t o  gene ra t e  a plasma. This  method of  accumulat ing ions  makes 
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i t  p o s s i b l e  t o  o b t a i n  a s t a t i o n a r y  plasma w i t h  a high degree o f  i o n i z a -  

t i o n  i n  t h e  magnetic f i e l d .  I n  r e f e r e n c e  c1021, a d e s c r i p t i o n  i s  given 

of  a device  designed t o  gene ra t e  such a plasma; r e f e r e n c e s  ClO3--104] 

g ive  t h e  r e s u l t s  of t h e  d i f f u s i o n  a c r o s s  t h e  magnetic f i e l d  i n  t h i s  de- 

v ice .  

B 

A diagram of t h e  dev ice  i s  shown i n  Fig.  26. The source  o f  t h e  
0 charged p a r t i c l e s  a r e  two tungs t en  p l a t e s  W hea ted  t o  2,300 K. A beam 

of  cesium o r  potassium atoms is  d i r e c t e d  at t h e  c e n t r a l  p a r t  of t h e s e  

p l a t e s  from t h e  s o u r c e  S .  The i o n s  produced by t h e  s u r f a c e  i o n i z a t i o n  

a r e  r e t a i n e d  f o r  a l o n g  t ime i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  volume (be- 

tween t h e  p l a t e s )  by t h e  magnetic f i e l d .  The hea ted  tungs t en  p l a t e s  

a r e  a l s o  a source  of e l e c t r o n s .  The amount of  t h e  emi t ted  e l e c t r o n s  

is a u t o m a t i c a l l y  kep t  such t h a t  t h e  plasma w i l l  b e  q u a s i n e u t r a l  over  

i ts e n t i r e  v o l m e ,  w i th  t h e  excep t ion  o f  t h e  l a y e r s  whose width is o f  

t h e  o r d e r  o f  t h e  Debye r a d i u s  and  which a r e  a d j a c e n t  t o  t h e  h o t  p l a t e s ,  

In o r d e r  t o  dec rease  t h e  q u a n t i t y  of  n e u t r a l  atoms i n  t h e  bulk ,  

t h e  walls of  t h e  b o t t l e  were kept  a t  a low t empera ture ,  about  -lO°C. 

The plasma c o n c e n t r a t i o n  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  volume and t h e  



degree of i o n i z a t i o n  are determined by t h e  i n t e n s i t y  of t h e  f l u x  o f  

n e u t r a l  atoms. A t  a concen t r a t ion  o f  lo1' ~ r n - ~ ,  t he  degree o f  i on iza -  

t i o n  ob ta ined  was about 40%, and a t  a concen t r a t ion  o f  10l2 cme3* t h e  

degree o f  i o n i z a t i o n  was over  99%. 

S ince  the  s t a t e  o f  t h e  plasma genera ted  i n  t h e  device  d e s c r i b e d  

is  c l o s e  t o  a s t a t e  o f  e q u i l i b r i m ,  t he  device  is  s u i t e d  f o r  s t u d y i n g  

d i f f u s i o n  i n  a magnetic f i e l d .  Moreover, owing t o  t h e  high degree of  

i o n i z a t i o n ,  on ly  t h e  d i f f u s i o n  due t o  c o l l i s i o n s  o f  charged p a r t i c l e s  

w i t h  one another,;(v,,<v,J, i s  e s s e n t i a l ,  To o b t a i n  d a t a  on t h e  t r a n s -  

v e r s e  d i f f u s i o n  o f  t h e  plasma, measurements o f  t h e  r a t e  of  d i s t r i b u t i o n  

of t h e  concen t r a t ions  were made by  means of  a mobile probe of  small 

s i z e  (0.025 cm i n  d iameter ) .  The d i f f i c u l t y  of  t h e s e  measurements w a s  

t h a t  t h e  concen t r a t ion  change had t o  be measured w i t h i n  t h e  conf ines  of  

t h e  s m a l l  t r a n s v e r s e  dimension o f  t h e  tungsten p l a t e s  (m1.4 cm). 

3 = P /plate/ PI = s /so 

Fig. 26. Diagram of  t h e  appara- 
t u s  f o r  o b t a i n i n g  a s t a t i o n a r y  
plasma. 

I--Regi on o f  plasma formation;  
11--Region of  t r a n s v e r s e  d i f f u -  
si on. 

/ /  
/ /  

I 

It should  b e  no ted  t h a t  t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  o f  t h e  con- 

c e n t r a t i o n  w a s  uniform, s i n c e  t h e  charged p a r t i c l e s  f a l l i n g  on t h e  ho t  

tungs ten  s u r f a c e  were almost completely r e f l e c t e d  from i t ,  Thus, t he  

l o n g i t u d i n a l  d i f f u s i o n  o f  t h e  charged p a r t i c l e s  w a s  absent .  A s  was 

shown i n  3 of  chapter  I ,  t h e  c h a r a c t e r i s t i c  l e n g t h  of  t h e  concent ra t ion  

drop, SL, i s  determined by t h e  r a t i o  of  t h e  c o e f f i c i e n t  of t r a n s v e r s e  

d i f f u s i o n  t o  t h e  recombinat ion c o e f f i c i e n t  (3.36) 
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S u b s t i t u t i n g  formula (1.30) f o r  Dei i n t o  (ll*l), we f i n d  

.sL= & p** . (11.2) 

S i n c e  f o r  t h e  c o n d i t i o n s  of  t h e  experiment desc r ibed  t h e  Larmor r a d i u s  

o f  t h e  e l e c t r o n s  i s  l e s s  than  the  Debye radiusl( ie<r , )  i n  c a l c u l a t i n g  

t h e  c o l l i s i o n  frequency Vei t h e  Coulombic loga r i thm should be  determined 

from formula (2.80b ) . 

"i 8 

3 t  ' /  

+ + 
Fig. 27,  Dependence of,UsL I on H. 

- 

The r e s u l t s  of  t h e  measurements o f  t h e  c h a r a c t e r i s t i c  l e n g t h  l / s ~  

i n  cesium a r e  shown i n  F ig .  27. S i m i l a r  r e s u l t s  were ob ta ined  f o r  po tas -  

sium, 

mately p ropor t iona l  t o  H. Accordingly,  t h e  c o e f f i c i e n t  o f  t r a n s v e r s e  d i f -  

I t  i s  obvious from t h e  graph t h a t  t h e  q u a n t i t y   SA i s  approxi- 

fu s ion  D i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  magnetic f i e l d  

s t r e n g t h ,  as shou ld  be  expected,  
e i  

The a b s o l u t e  v a l u e s  of  t h e  d i f f u s i o n  c o e f f i c i e n t  shou ld  n o t  b e  ob- 

t a i n e d  from measurements o f  SA ( s e e  (11,l)) s i n c e  t h e  e x a c t  v a l u e  o f  

t h e  recombination c o e f f i c i e n t  i s  no t  known. If use i s  made o f  formula 

(11.2), ob ta ined  w i t h  t h e  assumption t h a t  t h e  plasma d i f f u s i o n  i s  caused 

by e l ec t ron - ion  c o l l i s i o n s ,  t h e  recombinat ion c o e f f i c i e n t  CY may be de te r -  

mined from experimental  data. I t  t u r n s  out t h a t  t h e  c o e f f i c i e n t  cy grows 
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with  t h e  c o e f f i c i e n t  (& n % 1, and when G -  54011 i t  is  approximately 

-10 3 equal  t o  3 x 10 cm /sec.  T h i s  v a l u e  a g r e e s  i n  o r d e r  o f  magnitude wi th  

t h e  d a t a  of t h e  d i r e c t  e s t ima t ion  of  cy and wi th  t h e  r e s u l t s  o f  measure- 

ments under  o t h e r  c o n d i t i o n s .  A c e r t a i n  d e v i a t i o n  may be a t t r i b u t e d  t o  

t h e  inaccuracy  o f  t h e  measurement o f  t h e  c o n c e n t r a t i o n  and temperature  

o f  t h e  plasma. 

concept  of  recombinat ion f o r  c o l l i s i o n s  o f  an  i o n  with two e l e c t r o n s .  

The observed agreement between t h e  d a t a  means t h a t  t h e  o r d e r  o f  magnitude 

of  t h e  c o e f f i c i e n t  o f  t r a n s v e r s e  d i f f u s i o n  D is c o r r e c t l y  determined 

by t h e  t h e o r e t i c a l  formula (2.78). 

12. D i f f u s i o n  i n  t h e  Presence  of  a Curren t  Pass ing  Through t h e  Plasma 

The behavior  of  a s t r o n g l y  i o n i z e d  plasma i n  a magnetic f i e l d  has  

The dependence of & on n ag rees  a l s o  wi th  t h e  t h e o r e t i c a l  

e i  

been i n v e s t i g a t e d  i n  many experiments i n  r e c e n t  y e a r s  i n  connect ion wi th  

t h e  problem o f  c o n t r o l l e d  thermonuclear r e a c t i o n s .  However, i n  almost 

a l l  o f  t h e s e  exper iments ,  t h e  l i f e t i m e  of  t h e  charged  p a r t i c l e s  was sub- 

s t a n t i a l l y  s h o r t e r  t h a n  t h e  d i f f u s i o n  l i f e t i m e .  I t  was determined i n  

the  v a r i o u s  experiments  by t h e  appearance of hydromagnetic plasma i n s t a -  

b i l i t i e s ,  by t h e  escape  o f  p a r t i c l e s  a l o n g  t h e  l i n e s  of f o r c e  of  t h e  

magnetic f i e l d ,  and  by bulk processes  ( s e e  r e f e r e n c e  c11). We s h a l l  

conf ine  o u r s e l v e s  i n  t h i s  paper  t o  a b r i e f  e x p o s i t i o n  o f  c e r t a i n  exper i -  

mental  r e s u l t s  ob ta ined  wi th  t o r o i d a l  plasma dev ices  w i t h  a s t r o n g  lon-  

g i t u d i n a l  magnetic f i e l d  under c o n d i t i o n s  where t h e  most dangerous hydro- 

magnetic i n s t a b i l i t i e s  produced by t h e  d i scha rge  c u r r e n t  have been re- 

moved. 

The most d e t a i l e d  i n v e s t i g a t i o n s  o f  t h e  l i f e t i m e  of  p a r t i c l e s  

were c a r r i e d  o u t  w i t h  t h e  American devices  " S t e l l a r a t o r  V-1" and "V-3" 

[105--107]. I n  t h e s e  dev ices ,  t h e  gas-discharge chamber i s  a t o r u s  
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"twisted" i n t o  a f i g u r e  e i g h t ,  so  as t o  compensate f o r  t h e  p a r t i c l e  

d r i f t .  The plasma i s  gene ra t ed  i n  an e x t e r n a l  magnetic f i e l d  (up t o  

40 kOe) p a r a l l e l  t o  t h e  axis of t h e  chamber. I n  t h e  experiments  de- 

s c r i b e d ,  t h e  i o n i z a t i o n  o f  t h e  gas a n d  t h e  h e a t i n g  o f  t h e  plasma were 

accomplished by a l o n g i t u d i n a l  e l e c t r i c  f i e l d  (0.05--0,3 v/cm>. The 

h i g h e s t  v a l u e  of  t h e  l o n g i t u d i n a l  c u r r e n t  through t h e  plasma was chosen 

s o  t h a t  t h e  i n s t a b i l i t i e s  due t o  t h e  h e l i c a l  d i s t o r t i o n  o f  t h e  plasma 

column of lower t y p e s  ( w i t h  a small m c h a r a c t e r i z i n g  t h e  azimuthal  sym- 

metry o f  t h e  p e r t u r b a t i o n )  could no t  a r i s e ,  i . e . ,  s o  t h a t  t h e  Kruskaf- 

Shafranov s t a b i l i t g  c o n d i t i o n  would b e  obeyed ( s e e  r e f e r e n c e  tl]). 

The plasma c o n c e n t r a t i o n  w a s  measured d u r i n g  t h e  pe r iod  o f  i o n i z a -  

t i o n  and c u r r e n t  h e a t i n g .  The measurements were made by means o f  t h e  

phase s h i f t  of t h e  wave which p a s s e d  through t h e  plasma, u s i n g  8 - m i i -  

l i m e t e r  and 4-mil l imeter  i n t e r f e r o m e t e r s .  The c h a r a c t e r i s t i c  curves  

o f  t h e  change i n  t h e  plasma parameters  i n  hydrogen a r e  shown i n  Fig. 28. 

I n  t h e  f irst  s t a g e  o f  t h e  p rocess  ( b e f o r e  t h e  concen t r a t ion  maximum), 

t h e  gas  becomes ion ized .  A t  t h e  i n s t a n t  of maximum c u r r e n t  ( I ) ,  t h e  

gas i n  t h e  chamber i s  a lmos t  completely ion ized .  Th i s  is  shown by t h e  

cons ide rab le  a t t e n u a t i o n  o f  t h e  hydrogen glow ( t h e  Hfg l i n e ) ,  The de- 

c r e a s e  i n  t h e  plasma c o n c e n t r a t i o n  a f t e r  t h e  maximum i s  due t o  t h e  es- 

cape o f  charged p a r t i c l e s  from t h e  plasma (most o f  t h e  e scap ing  p a r t i -  

c l e s  a r e  a p p a r e n t l y  absorbed on t h e  w a l l ) .  

of t h e  c o n c e n t r a t i o n  change on t h e  b a s i s  of r easonab le  assumptions on 

t h e  i o n i z a t i o n  and d i s a s s o c i a t i o n  o f  the  hydrogen molecule and  on t h e  

c h a r a c t e r  of t h e  deso rp t ion  o f  t h e  g a s  from t h e  walls, t h e  a u t h o r s  of  

r e f e r e n c e s  C106, 1071 determined t h e  t ime c o n s t a n t  o f  t h e  e scape  o f  t h e  

p a r t i c l e s  from t h e  plasma i n  t h e  i o n i z a t i o n  s t a g e  and i n  t h e  s t a g e  of 

By ana lyz ing  t h e  curves 
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dec rease  of t h e  concen t r a t ion  7 .  The v a l u e  o f  2"was found t o  be 3- 

4 o r d e r s  of magnitude l e s s  than  t h e  t ime of t h e  d i f f u s i o n  a c r o s s  t h e  

magnet ic  f i e l d  caused by c o l l i s i o n s  o f  charged p a r t i c l e s ,  I n  o r d e r  t o  

f i n d  o u t  whether t h i s  i s  due t o  t h e  i n s t a b i l i t i e s  caused by t h e  h e l i c a l  

d i s t o r t i o n s  of  columns of  h i g h e r  t y p e s  (with a g r e a t e r  m), experiments  

were undertaken w i t h  a d d i t i o n a l  s t a b i l i z i n g  windings of t h e  t r i p l e  

s p i r a l  type ,  The i n c l u s i o n  of s t a b i l i z i n g  windings did n o t  produce any 

s u b s t a n t i a l  change i n  T. Measurements showed t h a t  i n c r e a s e d  w i t h  

t he  magnetic f i e l d  (lT-'vz 
lT-'Il-according t o  t h o s e  of  r e f e r e n c e  Cl071) and decreased  w i t h  t h e  e f -  

f e c t i v e  r a d i u s  of t h e  chamber ( acco rd ing  t o  t h e  d a t a  o f  r e f e r e n c e  Cl073 

To determine t h e  dependence o f  y o n  t h e  e l e c t r o n  tempera ture ,  

accord ing  t o  t h e  d a t a  of  r e f e r e n c e  cl061, 

khn2 ). 

s t u d i e s  were made under c o n d i t i o n s  o f  "cons tan t  e l e c t r o n  temperature ,"  

The constancy of t h e  temperature  ( i . e . ,  o f  t h e  plasma c o n d u c t i v i t y )  was 

achieved  by a s p e c i a l  programming of t h e  v o l t a g e  source.  The magnitude 

of  On the  b a s i s  of  measurements 

o f  T i n  hydrogen a t  a n  i n i t i a l  p r e s s u r e  o f  10 mm Hg, a plasma 

concen t r a t ion  of  1 0 ~ ~ - - 1 0 ~ 3  cm-3, an e l e c t r o n  tempera ture  o f  2-20 ev,  

a magnetic f i e l d  o f  5,000--40,000 Oe and  a d iame te r  of t h e  plasma column 

of 1-4 cm, t h e  a u t h o r s  of r e f e r e n c e  [lo71 ob ta ined  an  e m p i r i c a l  formula 

f o r  t h e  c o e f f i c i e n t  o f  "anomalous" d i f f u s i o n  

was found t o  b e  p r o p o r t i o n a l  t o  Te .  
-4 

(12.1) oL=- a2 = 2.104+. T ( a t  I 
(where Te i s  i n  ev and  H i s  i n  kOe). 

Le t  us n o t e  t h a t  t h e  r e s u l t s  of t h e  v a r i o u s  measurements a r e  r a t h e r  

c o n t r a d i c t o r y  and f o r  t h i s  reason  t h e  e m p i r i c a l  formula f o r  DB is very 

appro ximat e. 

Y a v l i n s k i i  and coworkers [lo81 a l s o  d e t e c t e d  an anomalous d i f f u s i o n  
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i n  experiments wi th  t h e  t o r o i d a l  device "Tokamak-2". For an i n i t i a l  

hydrogen p r e s s u r e  o f  5 x 10--4--10--3 ram Hg, a plasma concen t r a t ion  of  

h10 13 cm 3 * a l o n g i t u d i n a l  magnetic f i e l d  of about  6,000 O e ,  a long i -  

t u d i n a l  e l e c t r i c  f i e l d  o f  0.1--0.25 v/cm"l, and a diameter  o f  t h e  p las -  

m a  column o f  20 cm, t h e  l i f e t i m e  o f  t h e  charged p a r t i c l e s  was found t o  

be  approximately 600 p s e c .  

wi th  t h e  va lue  given by  t h e  empi r i ca l  formhla. 

T h i s  v a l u e  a g r e e s  i n  o rde r  of  magnitude 

Fig.  28. Curves o f  t h e  change 
i n  plasma parameters  i n  t h e  
" S t e l l a r a t o r  V-1%'  device.  

LOTH C A  w;S! 
C M C e K  = msec2 

I n v e s t i g a t i o n s  were undertaken wi th  t h e  "S t e l l a r a t o r  device 

with t h e  purpose of f i n d i n g  out  a t  what minimum c u r r e n t s  through t h e  

plasma t h e  anomalous d i f f u s i o n  arises [lo91 The i n v e s t i g a t i o n s  were 

conducted a f te r  t h e  d ischarge  c u r r e n t  had ceased  du r ing  the pe r iod  of 

plasma decay, at a magnetic f i e l d  of 18 kOe. As w a s  shown i n  r e f .  [loo] 

t he  plasma decay is determined under t h e s e  c o n d i t i o n s  by t h e  b u l k  recombi- 

na t ion  o f  e l e c t r o n s  and i o n s  ( see  t h e  preceeding s e c t i o n ) .  A l o n g i t u d i n a l  

e l e c t x i c  f i e l d  ( f requency 20 MC, ampli tude OeOl-0.03 v/cm) as induced i n  

the  decaying p l a s m ,  C h a r a c t e r i s t i c  curves  of the v a r i a t i o n  i n  t h e  cur- 

r e n t  through t h e  plasma and of t h e  plasma concen t r a t ion  i n  helium at a 

p res su re  of 6 x 10 
-4 mm H g  are sho n i n  Fig. 29, A t  first the  plasma is 

heated. ( a s  w a s  sho n i n  ref .  c1001, Te p/ 0.1 ev  dur ing  the  plasma decay),  

For this reason ,  t h e  recombination rate decreases ,  and t h e  plasma conduct ive 

i t y ,  and hence the c u r r e n t  through the plasma, i n c r e a s e e  A t  some c r i t i c a l  
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c u r r e n t ,  the r a t e  of deoay i n e r e a s e s  sha rp ly* .  This  r i s e  is a t t r i b u t e d  

i n  r e f ,  El091 to the  appearance of an anomalous d i f f u s i o n .  I t  has been 

e s t a b l i s h e d  t h a t  the  c r i t i a a l  c u r r e n t  i s  approximately p r o p o r t i o n a l  t o  

the  plasma concen t r a t ion  i n  the  range of 3 x lO’l-3 x 10 cme3, The 12 

value o f  t h e  c r i t i c a l  c u r r e n t  d e n s i t y  at a plasma concen t r a t ion  of 

.- lox2 cma3 and a helium p res su re  o f  2 x 10-~--4 x loo3 m Hg is approxi-  
2 mately Oe2--0.3 A/cm S i m i l a r  r e s u l t s  were obta ined  i n  argon and hydro- 

gen * 

Thus i n  a s t r o n g l y  i o n i z e d  plasma9 t h e  l o n g i t u d i n a l  c u r r e n t  causes  

an anomalously r a p i d  escape  of p a r t i c l e s  a c r o s s  the magnetic f i e l d ,  i . e e ,  

an anomalous d i f f u s i o n  . 
Many s t u d i e s  proposed t o  exp la in  t h e  anomalous d i f f u s i o n  by t h e  ap- 

pearance of va r ious  plasma i n s t a b i l i t i e s  such  as the e x c i t a t i o n  of i o n i c  

. . . . .. - . -  

Fig .  29, Curves o<f t h e  change i n  
the c u r r e n t  through t h e  plasma and 
of  t h e  plasma concen t r a t ion ,  

*The decrease  i n  t h e  c u r r e n t  through t h e  plasma a t  the end of t h e  decay 
is probably due t o  the  decrease i n  the plasma conduc t iv i ty  which a t  t h a t  
time is determined by t h e  c o l l i s i o n s  o f  e l e c t r o n s  w i t h  n e u t r a l  atomsr 
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o s c i l l a t i o n s  C l l O  1111 and the  appearance of t he  cur ren t -convec t ive  in -  

s t a b i l i t y  due t o  t h e  temperature g r a d i e n t  CIl21. A t  t h e  p r e s e n t  time, 

the evidence is n o t  s u f f i c i e n t  f o r  adop t ing  any o f  the  proposed explana- 

t i o n s .  The n a t u r e  of t h e  anomalous d i f f u s i o n  thus f a r  remains unclea 

COMCLUS ION 

Analysis  of  the r e s u l t s  of t he  exper imenta l  i n v e s t i g a t i o n s  has 

shown t h a t  i n  many cases  t h e  d i f f u s i o n  of charged plasma p a r t i c l e s  ac ros  

a s t r o n g  magnetic f i e l d  occurs  much f a s t e r  than p r e d i c t e d  by t h e  theo ry  

exp la in ing  t h e  d i f f u s i o n  by p a r t i c l e  c o l l i s i o n s  e 

The r e s u l t s  of experiments on d i f f u s i o n  i n  t h e  presence of a c u r r e n t  

through the p l a s m  o r  a s t r o n g  d i r e c t e d  motion o f  p a r t i c l e s  ( i n  the  pos i -  

t i v e  column of a d i scha rge ,  i n  a d ischarge  with o s c i l l a t i n g  e l e c t r o n s  

and a s t r o n g l y  i o n i z e d  plasma wi th  a c u r r e n t )  correspond t o  t h e  theo ry  

b u t  on ly  a t  moderate magnetic f i e l d s .  As the  magnetic f i e l d  r i s e s  be- 

ginning  a t  some c r i t i c a l  va lue ,  the  d i f f u s i o n  rate i n c r e a s e s ,  A t  t h e  

same t ime,  i n t e n s e  plasma o s c i l l a t i o n s  appear  which i n d i c a t e  the o n s e t  

o.f an  i n s t a b i l i t y  

I n  experiments where the  s t a t e  of the plasma is c l o s e  t o  the  e q u i l i b -  

rium s t a t e  (decaying plasma i n  a homogeneous magnetic f i e l d ,  s t a t i o n a r y  

cur ren t - f ree .  plasma i n  cesium and potassium),  an i n c r e a s e  i n  t h e  magnetic 

f i e l d  l e d  t o  a monotonic decrease  of t h e  d i f f u s i o n  rate which 

proximate agreement with t h e  c o l l i s i o n s  theo ry  [D-L - 1/H2) e Howevero i n  

a number of expe r i aen t s  on plasma decay, t he  value of the  measured c o e f f i -  

c i e n t  of  t r a n s v e r s e  d i f f u s i o n  w a s  found t o  be s u b s t a n t i a l l y  h ighe r  than 

the  expected va lue  at a smalL c o l l i s i o n  frequency,  as i f  the e f f e c t i v e  

c o l l i s i o n  f requencies  were g r e a t e r  t han  t h e  c a l c u l a t e d  va lue  by about  

10 see”, 8 It is  necessary  t o  n o t e  t h a t  the  observed d i f f u s i o n  
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s lower  than t h e  d i f f u s i o n  caused by c o l l i s i o n s  w i t h  a frequency of  

8 -1 107-.=40 sec e 

The anomalously r a p i d  t r a n s p o r t  of  plasma p a r t i c l e s  a c r o s s  a mag- 

n e t i c  f i e l d  (anomalous d i f f u s i o n )  observed i n  t h e  v a r i o u s  experiments  

should n a t u r a l l y  be compared w i t h  t h e  development of i n s t a b i l i t i e s ,  

whatever they  may be,  and wi th  t h e  o s c i l l a t i o n s  and n o i s e s  p r e s e n t  i n  

t h e  plasma, 

As e a r l y  as 1948, Bohm sugges t ed  t h e  e x i s t e n c e  of a n  anomalous 

mechanism f o r  p a r t i c l e  t r a n s f e r  a c r o s s  a magnetic f i e l d  a s s o c i a t e d  wi th  

plasma o s c i l l a t i o n s *  L5911 t o  e x p l a i n  t h e  r e s u l t s  of i n v e s t i g a t i o n s  o f  

t h e  d i f f u s i o n  of charged p a r t i c l e s  from a low-pressure s t a t i o n a r y  plasmar 

The plasma o s c i l l a t i o n s  a r e  a s s o c i a t e d  wi th  t h e  appearance of  al t e r n a t f n g  

e l e c t r i c  f i e l d s .  The d r i f t  of the oharged plasma p a r t i c l e s  caused by 

these  f i e l d s  ( i n  t h e  p l ane  pe rpend icu la r  t o  the  magnetic f i e l d )  l e a d s  

t o  a t f c o l l i s i o n l e s s g t  p a r t i c l e  d i f f u s i o n ,  Without d e r i v i n g  i t ,  Bohm c i t e s  

t h e  fo l lowing  expres s ion  f o r  t h e  c o e f f i c i e n t  of  d i f f u s i o n  a c r o s s  a mag- 

n e t i c  f i e l d  due t o  o s c i l l a t i o n s :  

GT 
16eH D1=- 

Although t h i s  formula w a s  n o t  j u s t i f i e d ,  i t  is f r e q u e n t l y  used i n  

the  a n a l y s i s  of  expe r imen ta l  r e s u l t s .  

TQ e x p l a i n  the  a n o m l o u s  e f f e c t s  observed i n  the va r ious  experiments ,  

a se r i e s  of concre te  p o s t u l a t i o n s  have been proposed concerning the  char- 

a c t e r  o f  the  i n s t a b i l i t i e s  t h a t  a r i s e ,  some of e mentioned i n  t h e  

s e c t i o n s  of t h i s  survey.  

*As w a s  i n d i c a t e d  on p, 61, the  r e s u l t s  of t h e  measurements of t h e  con- 
c e n t r a t i o n  d i s t r i b u t i o n  f o r  d i f f u s i o n  from a s t a t i o n a r y  plasma, desc r ibed  
i n  Bohm's a r t i c l e  C591, may b e  exp la ined  wi thout  b r i n g i n g  i n  t h e  hypo- 
t h e s i s  of anomalous d i f f u s i o n .  
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We have noted t h a t  a t  least  i n  one case  i t  w a s  p o s s i b l e  t o  d e f i n i t e l y  

i d e n t i f y  an i n s t a b i l i t y  caused by t h e  anomalous d i f f u s i o n .  A h e l i c a l  F9cur- 

rent-convect iver8 i n s t a b i l i t y  desc r ibed  by Nedospasov and Radomtrsev 66311 

a r i s e s  i n  the p o s i t i v e  column of a d ischarge ,  The development o f  t h i s  i n -  

s t a b i l i t y  a t  l a r g e  m g n e t i c  f i e l d s  l e a d s  t o  t h e  appearance of  a t u r b u l e g t  

plasma s t a t e  c h a r a c t e r i z e d  by a broad  spectrum of  o s c i l l a t i o n .  The d i f f i -  

c u l t y  of  t r e a t i n g  d i f f u s i o n  under c o n d i t i o n s  of  developed i n s t a b i l i t y  is 

due t o  the  n e c e s s i t y  of s o l v i n g  a system of n o n l i n e a r  equat ions ,  Kadomtsev 

was a b l e  t o  formulate  a theory  o f  t u r b u l e n t  d i f f u s i o n  i n  the  p o s i t i v e  Col- 

umn of  a d ischarge  on t h e  basis of analogy w i t h  t u r b u l e n t  motion i n  f l u ids  

C853. The results of t h e  theory  a g r e e  wi th  exper imenta l  data, 

Let  us mention two more papers  which e v a l u a t e  t h e  c o e f f i c i e n t  of 

anomalous d i f f u s i o n  accompanying t h e  development of  i n s t a b i l i t i e s ,  These 

papers  cons ider  a completely i o n i z e d  p l a s m  i n  the presence of the dis- 

charge c u r r e n t ,  I n  S p i t z e r ' s  a r t i c l e  Ll.111, a de termina t ion  w a s  made of  

t h e  c o e f f i c i e n t  of anomalous d i f f u s i o n  due t o  t h e  e x c i t a t i o n  of  ion-scPnic 

waves, The express ion  f o r  t he  d i f f u s i o n  c o e f f i c i e n t  is found t o  be s i m i -  

l a r  t o  the express ion  g iven  by Bohm. Kadomtsev ob ta ined  a r e l a t i o n  f o r  

the  d i f f u s i o n  c o e f f i c i e n t  f o r  a developed current-convect ive i n s t a b i l i t y  

a s s o c i a t e d  with t h e  temperature  g r a d i e n t  i n  a completely i o n i z e d  plasrraa 

[112] e Thus far, i t  ha5 no t  been p o s s i b l e  t o  compare the  r e s u l t s  of t h e s e  

s t u d i e s  with experimental  data, 

In some s t u d i e s  a t t empt s  were made t o  f i n d  ways of d e s c r i b i n g  the  

anomalous d i f f u s i o n  which are n o t  r e l a t e d  t o  an  a n a l y s i s  of  conc re t e  

types  of i n s t a b i l i t i e s ,  

I n  Ecke r ' s  paper the  i n c r e a s e d  c o l l i s i o n  frequency of  e l e c t r o n s  and 

i o n s  a r e  formally in t roduced  i n t o  t h e  d i f f u s i o n  equa t ions  i n  o rde r  t o  



describe t h e  anomalous d i f f u s i o n  [ll3] . Tay lo r  undertocrk an i n v e s t i g a -  

t i o n  w i t h  t he  purpose of e s t a b l i s h i n g  l i m i t s  w i t h i n  which t h e  c o e f f i c i e n t  

of anomalous d i f f u s i o n  shou ld  be l o c a t e d  b14,  115Je- H e  came t o  the  con- 

c l u s i o n  t h a t  t h e  c o e f f i c i e n t  o f  t r a n s v e r s e  d i f f u s i o n  01 i o n s  i n  a cos- 

p l e t e l y  i o n i z e d  gas cannot exceed Bohm's c o e f f i c i e n t  by more than  f o u r  

times, I n  t h e  work of Yoshikawa and Rose [116] t h e r e  is an a t t empt  t o  

e s t ab l i sh  a r e l a t i o n  bet e e n  the  c o e f f i c i e n t  of d i f f u s i o n  i n  a t u r b u l e n t  

plasma, t he  i n t e n s i t y  of o s c i l l a t i o n s ,  and t h e  mean s q u a r e  f l u c t u a t i o n  o f  

t he  c o n c e a t r a t i o n ,  wi th  some r a t h e r  gene ra l  assumptions on the  c h a r a c t e r  

o f  t u r b u l e n t  motions. We s h a l l  no t  dwell on the above mentioned s t u d i e s ,  

L e t  us on ly  observe t h a t  these i n v e s t i g a t i o n s  cannot provide  an answer 

t o  the  ques t ion  concern ing  the c o n d i t i o n s  under which t h e  anomalous d i f f u -  

s i o n  arises. 

I n  connect ion w i t h  t h e  problem o f  the  c o n d i t i o n s  of  development of  

anomalous d i f f u s i o n ,  t h e  problem o f  the  s o - c a l l e d  u n i v e r s a l  i n s t a b i l i t y  

is p a r t i c u l a r l y  i n t e r e s t i n g ,  i , e ,  an i n s t a b i l i t y  whose development I s  not  

a s s o c i a t e d  with the c u r r e n t  through t h e  plasma and may be caused by s m a l l  

concen t r a t ion  and temperature  g r a d i e n t s .  One type  o f  such  i n s t a b i l i t y  

w a s  observed i n  t h e  t h e o r e t i c a l  work of Rudakov and Sagdeev [ 1 1 7 ] e  They 

found t h a t  f o r  c e r t a i n  r e l a t i o n s  between t h e  concen t r a t ion  and t h e  tempera- 

( I n  > 2 Qs (In T) obl ique  ion-sonic  waves should  be t u r e  g r a d i e n t  I( ( , t l  

e x c i t e d  i n  t h e  plasma. An examination of the e f f e c t s  a s s o c i a t e d  with t h e  

f i n i t e n e s s  o f  t he  Larmor r a d i u s  of t h e  i o n s ,  c a r r i e d  o u t  by Kadomtsev and 

Timafeev [120] , Galeev,  Oraevsk i i  and Sagdeev c1211, and K k h a i l o v s k i i  

and Rudakov c1.221 has  shown t h a t  t h i s  i n s t a b i l i t y  may a l s o  arise f o r  a 

more real  r e l a t i o n s h i p  between t h e  concen t r a t ion  and the  temperature  

g r a d i e n t s  (when V (Inn) > V(ln T) 1 

v (in e)  <o> 
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The s tudy  of  the condi t ions  under which a un ive r sa l  plasma i n s t a b i l -  

i t y  arises, auld the determinat ion of the c o e f f i c i e n t  of t he  d i f f w i s n  

accoapanying t h i s  i n s t a b i l i t y  are at  the  present  time some of  the most 

important problems i n  the  experimental  and theore t i c a l  i n v e s t i g a t i o n s  o f  

t r anspor t  i n  a plasma, 
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